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EXECUTIVE SUMMARY
A program has been undertaken to evaluate alternative systems for the
production of electricity from coal using coal gasification and power
generation through molten carbonate fuel cells. The purpose of the work
effort was to identify research and development effort that, if successful,
could be cost-effective in reducing the overall cost of power from such
systems.
The approach taken in the evaluation was the development of a versatile,
computerized process simulator. The performance of individual subprocess
elements was characterized mathematically; the subprocess elements were
arranged in alternative configurations on the simulator to form a total
process; and the relative performance of the systems was analyzed. For those
systems showing efficiency promise, capital and operating costs for a 675 MW
power plant were estimated using factored costing techniques. Finally, the
10-year levelized cost of power was obtained using standardized financial
factors.
The above approach is cost-effective for the stated purpose of this
program. However, it must be used with care and the results must be
interpreted with mature engineering judgment for the following reasons:
1.	 By its nature, the overall system is quite sensitive to minor variations
in inputted assumptions.
a. The systems analyst must use care to assure that only the desired
variable has been altered in the analysis.
b. In a separate subtask, input assumptions were systematically varied
for the same total base system. Process efficiencies varied from
46% to 57%; yet all of the systems are operable.
C. Comparisons of systems analyzed by different investigators must be
made with extreme care.
t2. The cost of electricity developed by this approach is highly sensitive to
capital-related charges, with system efficiency having little impact.
Yet, the `actored-costing technique that was necessarily utilized cannot
have great accuracy.
3. The financial assumptions used in developing the levelized cost of
electricity also tend to emphasize capital costs, rather than system
efficiency.
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A total of 66 cases were evaluated during the course of the study;
several of these cases were iterated several times to assure greater
comparability when the degree of sensitivity of the overall system became
apparent.
Table ES-1 presents the nine systems that were analyzed economically;
several other systems also incorporate features that warrant R&D attention.
The efficiency and cost data in Table ES-1 mutt be assessed while considering
the caveats above. In particular, the degree of conservatism used in this
analysis is somewhat greater than other efforts reported in the literature
reported system efficiencies are considerably lower than estimated by other
investigators.
The major conclusions drawn from this effort include
o	 Fluidized-bed gasification appears to be a viable alternative in this
system if the relatively minor cost advantage can be realized. Although
this approach has a total capital requirement that is only 2.5% lower
than entrained flow gasification, this difference is apparently
sufficient to counteract the three-percentage-point reduction in process
efficiency.
o	 The development of steam reforming of methane, thermally and chemically
integrated within the anode compartment of the fuel cell, offers
significant efficiency and cost advantage when the system also includes a
fluidized-bed gasifier. This advantage increases as the quantity of
methane made in the gasifier is increased.
e	 High-temperature dust removal adds nearly two percentage points of
process efficiency, without a capital cost penalty, by permitting process
rearrangement. Additionally, this approach 1,tmits incorporation of
other advanced concepts.
o High-temperature desulfurization, when integrated with high-temperature
dust removal, results in still higher efficiency and cost savings due to
improved system simplicity.
Other R&D effort was identified that may be cost-effective in reducing
the cost of power or improving system simplicity:
•	 Improved definition of the carbon deposition phenomena, so that the
quench system might be eliminated 	 rl
•	 Development of countercurrent heat exchange for high-temperature, toxic,
hazardous gases 	 2S,
•	 Development of a novel, single-stage, fluidized-bed gasifier that
produces greater quantities of methane 	 $n
iv
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Table ES-1. SUMMARY OF SYSTEMS ANALYZED
System No. 1 2	 3 4 5
Gasifier Type Entrained Entrained	 Fluidized Bed FluidizcQ Bed	 Fluidized Bed
Methane Make Nil Nil	 Minimal Minimal Moderate
1. Heat Exchange Type Countercurrent Croeeflov	 Croaaflov Croaafloa Croeeflov
:. Carbon Control , None Quench
	 Quench Quench Quench
Duet Control Water Wash Water Wash	 Rater Wash Water Nash Water Wash
Sulfur Control Selective ACR Selective ACS.	 Selective AGR Selective AGR	 Selective AGR
CO2
 Control None None	 Mass None None
a
Fuel Cell Conventional Conventional	 Conventional Internal Reforming	 Internal Reforming
- System Efficiency, I 42.1 41.6	 38.4 44.9 45.8
Total Capital Requirement
a (.675 MW), $106 1024.1 1055.3
	 1029.1 981.6 970.4
10-Year Levelized Coat of
Z Poser, #/kWh
^:p Capital Charge 4.80 4.94	 4.82 4.60 4.54
Coal 1.98 2.00
	 2.17 1.85 1.82
k	 _°
4
Other Operating 0.98 1.04	 0.99 0.94 0.92
Fuel Cell 0.72. 0..76
	
0..75 0.87 0._88
a
Total 8.5- 8.7+	 8.7+ 8.3- 8.2-
-.	 system. No. 6 7 8--. 9	 _--
- Gasifier Type Fluidized Bed Fluidized Bed	 Fluidized Bed Fluidized Bed
Methane Make Moderate Moderate Moderate Moderate
Heat Exchange Type Croaaflov Croeeflov CrasefloN Croeeflov
Carbon Control Quench Quench Quench Quench
Dust Control High-Temperature High-Temperature Water Wash High-Temperature
^„- Sulfur Control Selective AGR None	 Selective AOR High-Temperature
CO2
 Control None None	 High-Temperature None
Fuel Cell Internal Reforming	 Sulfur Tolerant	 Internal Reforming Internal Reforming
- Internal Reforming
System Efficiency, ; 47.4 50.0 47.5 50.0
Total Capital Requirement -
1675 NN), $106 958.6 852.0 987.2 846.8sf
^.	 1 10-Year Cevelized Cost of
Power, #/kWh
Capital Charge 4.49 3.99 4.62 3.97
Coal 1.76 1.67 1.74 1.67
other Operating 0.91 0.78 0.94 0.80
Fuel Cell 0_86 0.81 0_86. 0.81.
i
Total 8.0+ 7.2+ 8.2- 7.2+
ry
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	 Development of a dust-tolerant water-gas shift reactor, permitting the
recovery of the exothermic heat of the shift reaction at elevated
temperatures.
Additional R&D effort that appears warranted, based upon engineering
,judgment, includes the following:
•	 Development of a sulfur-tolerant fuel cell
•	 Development of high-temperature carbon dioxide removal
•
	
	 Continued systems analysis effort to assess additional novel systems that
could not be evaluated within the constraints of this effort
•
	
	 Improved catalytic combustion systems with lower light off temperatures
and higher maximum temperature limits for reduced heat exchange and
improved system simplification.
The above recommendations for identified R&D effort are based upon an in-
depth analysis of the many ramifications of the overall system by mature
chemical process and research engineers. The conclusions are based not only
upon the calculated analysis, but also upon first-hand knowledge of the
processes of coal gasification and fuel cell power generation.
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OBJECTIVE
The purpose of the work effort described in this document is to evaluate,
on a total systems basis, various means for integration of coal gasification
with power generation (through molten carbonate fuel cells) with emphasis upon
identifying research and development effort that, if fruitful, could be cost-
effective in reducing the overall cost of power from such systems.
1
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INTRODUCTION
Approach
The approach employed in evaluating the integration of coal gasification
with high-temperature, molten carbonate fuel cells was the development of a
versatile computer process simulator that can integrate the various subsystems
and provide an analysis of the resulting overall system. Such an approach is
useful because it permits the relatively quick comparison of alternative sys-
tems and, if used with care, provides a relative comparison of the benefits of
I;	 process modifications.
Those process configurations that appeared to offer efficiency merit,
based upon the process simulator, were then costed, using a factored-estimate
approach, and the relative cost of power from each of the systems was pro-
jected. More accurate costing techniques could not be employed because the
engineering basis underlying several of the novel processing systems was con-
sidered insufficient to warrant a more definative evaluation.
The approach has certain drawbacko. Unless excessively complex, the
models 'oc certain process elements (notably the gasifier, the acid-tas
;emq«a'_ tystem, and the fuel cell) are simplified approximations of actual
operation. Thus, unless engineering judgement is employed, it is possible
that the approach may result in exercising the simulator, rather than actually
comparing the anticipated performance of alternative systems.
With the overall system under consideration, extreme care is required to
make each simulator test comparable to the others. Because many hundreds of
millions of Btu's are being transferred or converted at each step of the pro-
cess, and because the net power recovered from the system is the algebraic sum
of large quantities of energy that are being produced and consumed, an appar-
ently minor change in an assumption can readily cause a change of 25 to 50
million Btu's in recovered power — an apparently significant improvement.
Thus, many of the systems discussed have been iterated several times to assure
comparability.
As a corollary to the sensitivity discussed above, one must he extremely
careful in comparing the evaluations of alternative investigators. The
assumptions underlying the effort must be clearly defined and be precisely
identical for comparisons to be meaningful. Evaluations presented in this
l	 _IIVfENT10flAELr RAW. 3 PRECEDING PAGE BLANK NOT FMMED
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effort consistently. show lower process efficiencies than others reported in
'	 the lite-ature. In a separate. subtask (Appendix Da), a systematic variation in
the conservatism of the assumptions (underlying the same basic system) caused
i
a change in apparent system efficiency from 45% to 572.. When alternative
systems are to be compared, they must be compared with precisely the same
assumptions.
Tae approach is flawed by the high leverage of capital costs upon final
cost of power; yet the factored estimating technique that must necessarily be
employed cannot be highly accurate. Moreover, the financial factors employed
in assessing the cost of power from capital and operating charges inherently
tend to favor systems with reduced capital requirements.
In spite of the drawbacks cited above, the approach is quite valuable in
providing a first-cut evaluation of alternative systems and is particularly
valuable in projecting the anticipated benefits of R&D on novel concepts.
When used in conjunction with mature engineering judgement, it provides an
excellent basis for assessing projected research effort.
-onsistent with the limitations of the approach as set forth above, the
following sections describe the process simulator employed and define the
assumptions used throughout the effort.
Basic Process Element Simulators
Many of the elements of the process simulator warp adapted from ar,
earlier effort that evaluated alternative approaches for the production of
substitute natur:.l gas from coal. l The elements were modified to include
oxidizing species and additional process subsections were added for this
effort.
Before discussing the individual elements in the overall system, the
general process configuration will be outlined. Figure 1 presents the process
configuration that wa. found to be preferred in many of the evaluations;
improved systems were generally modifications of this basic configuration.
Appendix Cd presents the computerized process simulator printout for the spec-
ific case presented. Each page of the printout represents one step in the
overall process; approximately 75 pages of printout are required to character-
4
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ize a given configuration. * Figure 1, the printout, and the disrisssion below,
when analyzed together, provide the necessary background for ,evaluating the
process simulator employed.
In Figure 1, fuel gas is produced from coal, steam, and oxygen in the
primary com -,ter. After preliminary dust removal, the gases are quenched for
carbon stability and heat is recovered in a waste heat boiler (WHB). The gas
is cooled in a train of crossflow heat exchangers and an air cooler, finally
washing out the dust in a non-condensing venturi scrubber (operating at the
temperature that is the dewpoint of the gas). The gas is then reheated in the
above train, reacted for initial shift conversion, and expanded to fuel cell
operating pressure at the maximum temperature of the departiculated gas.
After additional heat recovery through a waste heat boiler, another stage of
shift conversion is included; followed by a heat exchange train, with inter-
mediate CGS hydrolysis; final cooling for condensate removal; and selective
acid/gas removal (AGR) for recovery of H2S but only the cost-effective removal
of carbon dioxide. The fuel gas is then reheated in the second heat a°.change
train, purified over zinc oxide, and steam is added for control of carbon
stability in the feed to the fuel cell. Eighty-five percent of the moles of
reductant (H2 + CO + CHO are electrochemically converted to power in the fuel
cell; the rest are catalytically combusted. At the fuel cell station, recycle
(with heat recovery) is employed for 1) temperature control of the fuel cell
and 2) maintaining correct temperatures for the booster fans (on both the
anode and cathode exhaust gases) as well as the catalytic combustor. In
addition to power recovery in the fuel cell, a steam bottoming cycle and a
cathode exhaust-gas expander also provide net power output from the system.
Gasifiers
The entrained-flow gasifier model, used in the initial simulations, is a
simplified transfer--function model employing the inputs and outputs provided
by the prime contractor in the reference case for the system (Appendixes As
and Ab). The printout page includes gas quantities and compositions, oxygen
demand, and outlet stream conditions. Also included is an.empirical factor to
allow for the power required for coal preparation and feeding of the unit. In
I
I
* Because of the volume of the printouts, only the summary printouts of cases
other than the one discussed here are appended to the report; others have
been placed on file with the prime contractor.
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an analysis of this operation by others, the subsystem was found to be
optimistic. For example, 100% of the carbon in the coal is converted to
gaseous species with an oxygen requirement of 0.64 lb of oxygen per lb of
coal, while pumping a slurry with 70% feed solids concentration.
Four different operating conditions were considered for fluidized-bed
gasifiers during this program. The gasifier models are based upon extrapola-
tion of pilot plant performance to higher operating pressures, employing known
effects of pressure upon gasification rates and the product gas spectrum. In
each case, carbon conversion is 96.9%, reflecting pilot plant data for the
amount of carbon lost to dust and gasifier ash. Three of the gasifiers were
specified with a steam/carbon ratio of 1:1 molar and an operating pressure of
500 psi. The fourth gasifier was operated with a steam/carbon ratio of 0.75:1
and a pressure of 600 psi — operating conditions that are less conservative
considering the state of current technology. (This fourth gasifier was em-
ployed in the analysis of variations of initial assumptions, presented in
Appendix Da.) The quantity of methane in the fluidized bed gasifier product
varies, depending upon the mode of operation as predicted from pilot plant and
theoretical evaluations. In one conceptual gasifier, higher methane yield was
allotted to correspond with predictions for the novel gasification system.
Heat and material printouts for the nonconfidential fluidized-bed gasifiers
are presented in Appendix Ce.
The printout for the fluidized-bed gasification output includes gas
composition and quantity, off-gas temperature and pressure, steam demand (as
F
inputed), oxygen requirements (as dictated by material and energy balance),
and the quantity of recycle gas required to inject the coal into the gasifier.
A power demand is indicated to account for coal preparation and gasifier re-
quirements.
Heat Transfer
Each side of a heat exchanger was calculated independently. In many
P	 cases, Mat transfer was calculated from known inlet and assumed outlet ten-
s'	 peratures, using the composition of the flowing gas and three-factor heat 	 ^.E
capacity correlations. Tn other cases, for example when heat is being trans-
4'-	 ferred from one gas to another, the quantity of heat to be transferred is
fixed and the outlet temperature of the exchanger is calculated.
{
r	 7	 j
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When integrating the flow sheet, care was taken to avoid temperature !
crosses in most instances. 	 In other words, because crossflow heat exchange 13
generally considered, the temperature to which the cool gas is heated may not
I
be warmer than the temperature to which the hot gas is cooled. 	 In most cases,
i
i	 a temperature of approach (approximately 50..°F) was imposed.	 In future work,
j	 it is suggested that, when using gas-to-gas heat exchange, the temperature of
approach be the controlling design factor and the heat exchangers be designed
«as a unit.	 Such a modification would make test-to-test comparisons more valid.
and minimize operator error in the analysis. 't
1
as i
The typical heat exchanger printout page provides gas compositions and
`	 quantities, inlet and outlet temperatures, process gas sensible enthalpies,,
and heat exchanger duty.
Gas Stability
The thermodynamic stability of the gas for carbon deposition is calcu-
lated from thermodynamic equilibria (based upon the carbon activities for both
amorphous and
	
graphitic carbon) Z , using free energies based upon six-term
functions of temperature.
	
The quantity of water required to inhibit the car- ;f
s
bon deposition is calculated as a function of the assumed temperature, pres-
sure, and initial gas composition. f 4y
sQuench
The addition of water (as either liquid or steam) to the gas stream
j
d
results in a temperature redistribution based upon heat capacity data and an
s	 empirical representation of water or steam enthalpies. 	 The quantity of water i
used for this quench is determined from the preceeding step, as derived for `-
inhibition to the limits described by the activity of either amorphous carbon
(in the assumption sensitivity study — Appendix Da) or for most of the work,
1i
3	 effort, midway between amorphous and graphitic carbon, which includes a safety
factor in the operation.
^({
Water-Gas Shift Reaction i
Steam, carbon monoxide, carbon dioxide, and hydrogen are equilibrated
according to the water-gas shift reaction based upon the free energy
},
	 1
*
M r
Three terms for heat capacity factors and three additional terms for
correlating the heats and free energies of reactions.
8
1
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calculated at an assumed temperature by using standard free energy data and
six-term thermodynamic expressions. The heat of reaction is calculated and
the exit gas temperature is determined assuming an adiabatic reactor.
In this step, the equilibrium temperature is assumed and the resulting
calculated exit gas temperature is manually compared with the assumptions, to
determine if the temperature of approach to equilibrium is satisfactory. The
preferred future system would incorporate an inputted desired temperature of
approach to equilibrium and iterate the process element to close the heat
balance and degree of reaction.
When the water-gas shift reaction occurs within the fuel cell, the equi-
librium temperature is assumed to be the "characteristic" temperature of the
k
cell, as discussed later.
Reforming-Methanation
The steam-reforming of methane, or the reverse reaction of methane forma-
tion from hydrogen and carbon monoxide, is calculated similarly to the water-
gas shift reaction. Although not used as an independent reactor step in this
effort, the capability exists in the generalized computer simulator. It was
used as a subroutine to modify fuel cell gas composition within the anode com-
partment of the fuel cell in many of the cases studied.
other Catalytic Reactions
Most systems include a COS hydrolysis reactor in the heat exchange train
as the gas is cooled. The reaction of COS with water to produce H 2S is
i	
favored at a lower temperature; therefore, the reactor is located at a point
i	 where the gas is slightly above its dewpoint. The reported thermodynamics of
f	 this reaction vary over a wide range, depending upon the data source. This
effort has assumed equilibrium conversion of COS according to the recent UCI
data3 (which are more conservative than JANAF or NASA tables).
After acid-gas removal, traces of H 2 and COS are removed by zinc oxide
at about 750°F. The consumption o;i zinc oxide is presented, based on the
estimated sulfur leakage through the acid-gas removal system (as discussed
below).
11
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pressors and Expanders
Rotating power equipment is calculated at the inputted efficiency of en-
thalpy change into work based upon isentropic pressure differential. Process
inefficiencies appear as heat in the outlet gas. A mechanical efficiency is
also assumed in the conversion of shaft horsepower into work.
For multiple stage compression, interstage cooling to 90°F is assumed,
and the cooling duty as well as the energy requirements per stage, are
printed.
Acid-Gas Removal
Process element algorithms are available for amine, hot potassium carbon-
ate, and physical solvent systems for acid-gas removal (AGR). Although other
acieV-gas systems were checked during the course of the work to determine if
advantages existed, the AGR system employed throughout this system was the
"Selexol" acid-gas removal process.
The algorithm for this process is a transfer function that removes 1) H2S
from the process gas, 2) CO 2 in accordance with an assumed H 2S concentration
in the resultant acid-gas, 3) approximately 50% of the COS, and 4) almost all
of the water content of the feed gas (a small quantity of water is left in the
gas to avoid computational problems in the downstream fuel cell). Steam and
power demands are based on an extensive in-house data bank and are functions
of the operating pressure, acid-gas partial pressures, and degree of concen-
tration of the H2S in the resulting acid-gas.
In this work, the Selexol acid-gas removal system was not specified for
total carbonyl sulfide removal because this AGR process option requires
extensive power demands for pumping and refrigeration. Rather, in most cases,
a COS hydrolysis reactor was included upstream of the AGR and the estimated
distribution of COS in the H 2S-selective system was reported.
The simulator algorithm appears directionally correct. For example, it
predicts increased steam usage with changes in the subsystem parameters that
would increase the solvent flowrate in the AGR subsystem. Similarly, it pre-
dicts increased power demands for modifications that would increase the
pumping required, the refrigeration load, or the flash gas recompression duty.
However, the algorithm is based upon an empirical correlation of published re-
sults, rather than upon the basic principles of the AGR system. Therefore,
10
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the algorithm cannot be extrapolated beyond the normal operating regime of
such a system.
In addition to the selective AGR described above, the simulator also in-
cludes algorithms for.bulk removal of acid-gas. Such a process unit was em-
ployed in a few tests of the overall system: In this case, the nitrogen re-
quired for stripping the solvent of CO2
 is also included.
The Fuel Cell
The fuel cell simulator is also a simplified approximation of the complex
operation of the subsystem. The simulator was derived from a Physical
Sciences, Inc. (PSI) package that employs a characteristic temperature input
for calculations of free energy, open circuit voltage, and cell polarizations.
The Nernst concentration polarizations are calculated at the characteristic
temperature, using the log mean concentrations of the inlet and outlet gases
at both the anode and the cathode.. In its original form, the program also
calculated electrode polarizations, using a wetted-pore model, and the same
gas compositions. The total heat released in the system was calculated and
both the anode and cathode exhaust gases leave at the same temperature for an
adiabatic cell.
The initial PSI simulator was modified twice during the project. First,
the features external to the fuel cell within the PSI-supplied tape were
dropped and the fuel cell simulator was incorporated as a subroutine in the
overall project computer package. Reforming and shift equilibria were drawn
from the project subroutines rather than from the initial PSI package. The
PSI simulator, in this form, still contained a relatively thick electrolyte
and electrode polarizations that were based upon data published by IGT about
seven years ago. Thus,, the simulator is not representative of state-of-the-
art fuel cell electrodes, nor the new, thinner electrolyte systems being
developed in several laboratories. However, at a 10-atmosphere operating
pressure, the simulator projects about 925 mV, IR-free, when operated on
simulated reformed methane (at 160 mA/cm2 ). Extrapolated experimental data 
indicate a potential of 935 mV under these conditions. With allowances made
for the differing fuel utilizations, the correspondence is within 5 mV. Thus,
the simulator, after the initial modifications, gave reasonable results at
high-pressure operation. However, at 1-atmosphere operating pressure, the
simulator projected only 520 mV (IR-free), much less than the 852 mV
Midway through the project, it was found that the fuel cell subroutine
would not function in conjunction with internal reforming within the fuel cell
when the gas contained moderate methane concentrations.	 The conversion tech-
nique employed in the simulator was too sensitive with the changing quantities
of hydrogen produced by reforming. 	 At this point in the project, the internal
inprogramming of the simulator was modified	 three ways:
1.	 The fuel cell hydrogen conversion was changed to a stepwise approach,
with methane reforming, in shift equilibrium, after each step.
2.	 The electrode polarizations were modified to simple, current-dependent
approximations with a factor that resulted in the same polarization that
had been noted in the prior tests.
Oi
3.	 The expression for the free energy of the reaction was adjusted to be
more consistent with the JANAF tables. Ki,
The elimination of the wetted-pore model, and the substitution of a
simpler expression, further limits the applicability of the subsystem
i
simulator to near the range in which it was utilized. 	 Application of the
model to a higher pressure fuel cell, as had been considered in this project,
N-1
was therefore not attempted.
i	 ,1	 <
K
4	 ^
r
experimental output. Thus, the use of the simulator at pressures much
different than 10 atmospheres (or at gas partial pressures that vary greatly
from the experimental conditions) should be avoided. 	 x
The modification of the expression for the free energy caused a 54 mV
loss in cell potential. This voltage loss, in the systems considered, caused 	 ?^
a 39 MW change in the power delivered by the fuel cell, or about a 25 MW
change in total plant output a variation of 1.6 percentage 	 4-	 	 ,	 p	 g points in system.
efficiency. * Thus, the modified fuel cell simulator is somewhat more
conservative than results shown by 1980 fuel cell data. It is significantly_
more conservative (approximately 2.5 percentage points in efficiency) than
recent fuel cell data.5
The fuel cell simulator is simplified. For example, it does not differ-
entiate the directions of gas flow with the cell. Considering the imperative
requirements of 1) uniform gas flow across the face of a single cell and 2)
precise gas distribution, cell-to-cell, in a fuel cell stack, it is likely 	 4:p
_a.
* As presented in Appendix Da.
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that future systems will be cocurrent in operation. Several of the projected
designs were double-checked against total Nernst polarization, assuming zero
current flow at the common outlet of a cocurrent cell. These results did not
give a voltage less than the average total cell polarization provided by the
simulator and were, therefore, not controlling. However, as is shown later,
the total system performance is quite sensitive to the fuel cell operating
characteristics and its off-gas temperature. An integrated, differential
simulator for a cocurrent cell, including temperature effects, would be highly
desirable for an improved process simulator.
Catalytic Combustor
The combustion of the anode exhaust into the cathode feed is assumed to
take place catalytically. The subsystem simulator integrates the heat of
Fell reaction with the chemical changes taking place and calculates an off-gas
temperature. Warnings appear if the mixed feed temperature is less than the
light-off temperature for conventional catalysts, or if the adiabatic reaction
a
temperature is sufficiently high to cause long-term catalyst degradation.
t;	 Major Assumptions — System Simulator
System Pressure Drops
Pressure drops of 5 psi were assumed across packed bed reactors such as
r
g-
	
	
the water-gas shift reactor, carbonyl sulfide hydrolysis reactor, zinc oxide
i'	
bed, and catalytic combustion. Similarly, 5 psi was taken across the acid-gas
1	 removal absorbers.
A3-psi drop was taken across particulate scrubbers. A 2-psi drop was
taken across each shell of a heat exchanger train and the fuel cell itself.
Splitting or merging streams were assumed to require 1-psi drop.
The above pressure drops would appear quite optimistic compared with
normal chemical engineering practice. Yet several system designs in the
a` literature have shown much lower pressure drops than presented here. The
impact of lower pressure drops is improved energy recovery in the overall
a
system. A few cases were evaluated at lower pressure drops (in the analysis
of sensitivity to assumptions presented in Appendix Da) to indicate the
magnitude of this effect.
Efficiency of Rotating Power Equipment
In most instances, turboexpanders were taken at 92% isentropic efficiency
and large axial compressors were taken at 88% efficiency. A mechanical effi-
ciency of 98% was also imposed. These values were taken from the base case
provided at the beginning of the project. Although slightly optimistic rela-
tive to the anticipated performance of generally available machinery, the
values were maintained throughout the project for consistency. One series of
calculations was made to indicate the impact of driver efficiency upon the
overall system.
The compression efficiency of the multiple-stage oxygen compressor,
feeding the gasifier, was taken at 62%, to reflect the higher power demand of
these non-lubricated, slow-speed, reciprocatixxg machines.
The maximum compression ratio was varied as a function of the gas being
compressed. For air, this maximum was normally a ratio of 3.5. However, with
final stages of air compression, specialized outboard designs were considered
that would permit higher compressed air temperatures and compression ratios as
high as 4 . 0. Note that the humid air to the system is assumed to contain
14.3-psi partial pressure dry air, at reasonable site elevations above sea
level.
Heat Exchangers
Generally, heat exchangers were assumed to be crossflow with an approach
temperature differential of 50°F between the maximum temperature of the cooler
gas and the minimum temperature of the warmer gas. The assumption of counter-
current heat exchanger and/or reduced temperature of approach will decrease
the heat losses of the system and improve the overall system efficiency.
Although countercurrent heat_ exchangers were not normally employed, if
the heat exchange duty was large and multiple shells of heat exchange would
normally be required, the shells were arranged in series to provide more
efficient heat transfer. This approach improves the heat recovery within the
system at the expense of greater system pressure drops; however, it does not
approach the temperature recovery for countercurrent heat exchangers by per-
haps 100°F temperature loss in each heat exchanger train.
F^
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'	 Chemical Reactions
The water-gas shift reactors were assumed to have a temperature of
approach to equilibrium of approximately 50°F to simulate end-of-life for the
j
catalyst. A reduced approach to equilibrium will improve the overall system
,F	 efficiency by converting more of the water vapor present into hydrogen,
reducing heat loss to condensation, and reducing downstream humidification
requirements.
The water-gas shift and reforming operations were assumed to reach equi-
librium when these reactions take place within the fuel cell where the gas
flow is laminar. However, the equilibrium is based upon the "characteristic"
temperature of the cell. Should the outlet gas temperature of the cell be
used, slightly improved system performance would be expected.
Complete combustion was assumed in the catalytic reactors on the anode
tail gas.
The carbonyl sulfide hydrolysis reactors were assumed to reach equilib-
rium, using the free energies of carbonyl sulfide recently developed by United
Catalysts, Inc.
Zinc oxide beds were assumed to operate at 750°F and provide complete re-
moval of both hydrogen sulfide and carbonyl sulfide.
Steam System
Because the total facility for conversion of coal to power has not been
described, and certain steam sources and demands have not been quantified, the
steam system was not defined in detail. 	 Additional energy demands or produc-
tion that might be expected of the total system include:—
1. Both high-	 low-in the sulfurand	 pressure steam generation	 plant
2. The steam and reductant demand in the sulfur plant tail gas treatment
unit
3. The steam demand, both low and moderate pressure, for waste water
stripping and ammonia recovery
4. The power demands for activated sludge treatment of water before recycle
5. Boiler feedwater and cooling water pumping (for process units)
6. The power demands for waste solids handling
15
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Miscellaneous power demands for facilities, instrument air, flare, and
other systems that will be required in the overall facility.
The impact of these miscellaneous steam, power, and reductant demands, or
sources, indicates that the total system cannot be quantified with the avail-
able information. Therefore, the steam system was not optimized.
In the project, the steam required for humidification of the anode fuel
was assumed to he recovered as high
-pressure., superheated steam, similar to
the reference case supplied by the prime contractor. Likewise, that steam
recovered into power was also assumed as high
-pressure, superheated steam,
with reheat. Other steam demands within the system were assumed to be re-
covered at the conditions for which they were required. For example, the
gasifier steam requirement was assumed to be recovered at 600 psi, 750°F, and
the AGR steam demands were assumed to be recovered at 50 psi.
In the appended discussion on variation of assumptions, the total heat
recoverable to high-pressure steam was also assumed to be manageable for the
production of high-pressure, superheated steam. Boiler feed water was
preheated in an economizer and by contact with the cooling gas stream. Lower
temperature heat was assumed to be available for vaporizing the water and
higher temperature heat was available for providing superheat. The effort was
not made to quantify the source of heat as a function of temperature; rather,
it was assumed that the total heat discharged to the system could be recovered
in this fashion. In that optimisation study, significant power could be
recovered by expanding the high-pressure steam to the duty required in the
system.
The high-temperature, superheated steam was assumed to be recoverable to
power at 35.28%, efficiency. This efficiency includes allowances for boiler
feedwater heating and pumping, as well as cooling tower duty and cooling water
pumping. This efficiency might be considered low by modern power plant stan-
dards (ff stack gas scrubbing is not required) and, in the assessment of the
assumptions, an alternative efficiency of 40% was also assumed.
In future efforts, it is recommended that the energy sources and require-
ments outside the basic plant be identified and factored into the overall
energy balance. Then, the steam system could be quantified to i,'^entify heat
sources by quality of heat and verify that sufficient heat is available at the
necessary quality to provide the steam power at the design conditions.
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The Fuel Cell Subsystem
1
	
	 Appendix Cb presents a discussion of the voltage and power produced in
the fuel cell. The determination of voltage losses in the cell, as projected
by the modified PSI simulator, was presented earlier. In general, current
density was taken at 150 mA/cm2 and the conversion of total fuel gas species
(H2
 + CO + CHO was 85%. Although short optimization tests indicate that
these assumptions are not ideal, they were maintained for comparability to
other work.
:z
	
	
An effort was made to specify operating units around the fuel cell sub-
system that would be operable. The fans, or low-compression-ratio boosters,
that are used on both the anode ana cathode exhausts have been protected
against excessive temperature by heat exchange. Additionally, feeds to the
catalytic combustor were properly temperature-conditioned such that t'ais unit
should be in the proper operating temperature range. Additional heat exchange
equipment was required for this design consideration.
In general, the temperature of the feed gases to the fuel cell were
greater than 1000°F to avoid excessive polarization at the gas inlet. These
streams were temperature-conditioned with additional heat exchange equipment.
In most instances, the outlet gas temperatures were about 1260°F. By careful
tuning of the simulator, through adjustment of the cathode gas recycle rate,
the exit gas temperature could be increased to 1300°F, with a resultant
increase in overall system power output.
Major Assumptions - System Costing
The prime contractor provided a base case reference design and economic
analysis to estimate the investment, operating costs, and levelized power
costs for a c.75 MW fuel cell power plant using  an entrained -flow coal gasifi-
cation system. That complete report is included with this document as Appen-
dix Aa. The costing assumptions employed herein, together with the financial
factors, came from the base ease economics (included as Appendix Ab) and were
used directly in the economic assessment of the current effort when applic-
able.
The nine cases evaluated economically in this document often contain gas-
ification and other processing steps that are different from the base case,
requiring additional costing information. The assumptions listed 4-=1 Table
17
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wears added to those presented in the reference design to evaluate alternative
processing schemes.
Table 1. SYSTEM COSTING ASSUMPTIONS
Scaling Scaling
Fuel Processing Unit Cost Base Capacity Factor Exponent
Fluidized Bed Gasification M. W. Kellogg report Tons/day coal 0.6
and Ash Handling on Westinghouse and
U-Gas Processes for
Coal to SNG6
Gas Cooling and Quench M. W. Kellogg report Gas r.-,olar flow 0.82
on Westinghouse and
U-GAS Procegses for
Coal to SNG
Water-Gas Shift M. W. Kellogg report Moles of CO 0.6
'i on Westinghouse and shifted
U-GAS Procegsea for
`. Coal to SNG
-> High-Temperature CO 2 In-House Tons/day 0.78
Removal absorbent
High-Temperature Sulfur In-House Tons/day 0.78
1 Removal mixed oxides{
Fuel Cells Base Design Cell area 1.0
Gas Turbine and Steam Base Design Power output 1.0
F Cycle
DC/AC Inverters Base Design Fuel cell 1.0
output
Accessory Electrical Base Design Total plant 1.0
Equipment output
18
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RESULTS: ECONOMIC COMPARISON
1 =	 Generali_
	
	 During this project, 66 cases were examined for the integration of coal
gasification with molten carbonate fuel cells for power generation. Of these,
20 cases were analysed for the change in system efficiency by variation in
process configuratio:i. These initial cases were based upon a constant 4991
tons/day of candidate coal input (the quantity required for the production of
r	 675 MW in the reference case in an early iteration) and the resulting power
0-	 output was assessed. When the sensitivity of the overall system to input
assumptions was realized, many of these cases were iterated several times for
more accurate comparisons. The results of this analysis are presented in
Appendix Ca.
As discussed elsewhere, the system is very sensitive to the engineering
assumptions inputted by the systems analyst. A subprogram was undertaken to
indicate the effect of various input assumptions; this assessment (21 cases)
is presented in Appendix Da. Summary printouts for these cases are presented
in Appendix Db.
Many of the systems analyzed are not specifically presented herein. In
general, many of these cases represent minor variations in a specific analysis
or involved optimization studies by varying a single process parameter. In
these cases, the results are discussed but not specifically analyzed in depth.
Nine of the conceptual systems were reevaluated at a constant 675 MW
power output to provide a constant basis for the economic analysis of the al-
ternatives. When recalculated on
.
 the process simulator, the necessary flows
at all stages of the system were evaluated to aid in the system costing. 	 The
reevaluation of these systems for the economic analysis was made after the
sensitivity assessment and, consequently, an effort was made while reassessing
these data to ensure comparability between the systems. Therefore, the system
efficiencies vary slightly from the initial work presented in Appendix Ca.
The nine cases were selected for economic analysis based upon anticipated
efficiency improvements, as derived from the earlier work, the systematic
;I
incorporation of system advances to be expected through R&D, and the potential
for success in the R&D effort. Because the overall goal of the program was to
	 c.
identify cost-effective R&D efforts as applied to this system, the major
[	 I N S T I T U T E
I
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thrust was for advanced concepts, rather, than shorter-term, engineering solu-
tions.
A number of concepts were identified that could not be costed within the
constraints of the program. These concepts are discussed, directionally,
based upon the analyses of similar efforts.-
The nine cases evaluated in the economic analysis, and the rationale for
their selection, were as follows:
1. The Base Case: This system includes an entrained-flow gasifier, thermo-
dynamically unstable raw gas, no shift reactor, and countercurrent heat
exchange. The case is included to provide a direct comparison to earlier
work.
2. Modified Base Case: The base case was reengineered for operability,
adding a quench for carbon stability, water-gas shift reaction for
improved raw gas hydrogen content, and crossflow heat exchange for
improved operability. Location of the turboexpander was moved for
greater energy recovery. This case was included to indicate the cost
impact of the desired modifications and becomes a new reference for the
remainder of the systems that are designed to a similar degree of
operability.
3. Fluidized-Bed Gasifier: This case is similar to the Case 2 above, with
the substitution of a fluidized-bed gasifier, producing low methane off-
gas (substituted for the entrained-flow gasifier). Although this case
showed lower efficiency that Case 2 above, it was included because it is
a starting point for further improvements indicated below.
4. Internal Reforming Fuel Cell: Internal reforming capability was added to
the fuel cell of the system in Case 3 (using the fluidized-bed gasifier)
to indicate the merit of this concept.
5. Modified Fluidized Bed Gasifier; to produce greater methane content:
Case 4, above, was modified only by the mechanical configuration of the
gasifier so that it would produce greater quantities of methane for
greater efficiency both in the gasifier and in the internally reforming
fuel cell.
6. High-Temperature Dust Removal: The addition of high-temperature dust
removal, per se, adds little to the overall system. However, it permits
system modifications. In this case, the turboexpander could be relocated
to provide significant improvement in process efficiency, as well as a
cost reduction by elimination of much heat exchange equipment. The high-
temperature dust removal is also employed in other systems below.
7. Sulfur-Tolerant Fuel Cell: The combination of high-temperature dust
removal with a conceptual sulfur-tolerant fuel cell represents an
extremely simple system, with minimum equipment, of relatively high
thermal efficiency.
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8. High-Temperature CO 2
 Transfer: The concept of removal of carbon dioxide
from the raw fuel gas and transferring it to the cathode is attractive
because of the higher-purity fuel feeding the fuel cell and greater fuel
cell output. The system in Case 5 was modified to include this effect;
somewhat greater efficiency was achieved.
9. High-Temperature Sulfur Removal: The integration of high-temperature
dust removal with high-temperature sulfur removal provides a system that
is similar in efficiency and complexity to the sulfur-tolerant fuel cell
(Case 7) discussed above.
Other cases considered, but not specifically analyzed for cost, include the
following:
10. Incorporation of a Novel Fluidized-Bed Gasifier: A novel, single-stage
fluidized-bed gasifier has been conceived that promises still higher
methane production. From the efficiency analyses, incorporation of this
gasifier into the system with an internally reforming fuel cell promises
improved system efficiency.
11. Integration of High-Temperature Sulfur Removal with a Sulfur-Tolerant
Fuel Cell: The system including the sulfur-tolerant fuel cell does not
remove sulfur dioxide from the final stack. High-temperature sulfur
removal, to the degree required for environmentally satisfactory utili-
zation of coal, has now been demonstrated on the laboratory and bench
scale. Although laboratory results on high temperature sulfur r^meval to
the degree required for conventional fuel cells appear promising , this
combination appears attractive as a backup position.
12. Dust-tolerant Shift Reactor: A system incorporating a dust-tolerant
shift reactor indicated improved process efficiency and system
simplicity. It was not separately costed because extrapolations from
Case 6 above would be applicable.
13. Advanced Systems: Several systems were conceived during the course of
the program that could not be evaluated, even on an efficiency basis,
because of the constraints of time, budget, or inapplicability of the
fuel cell simulator. Such systems appear promising, based upon first
principles, but were beyond the scope of this investigation.
^able 2 presents the efficiency comparisons for the nine cases outlined above,
as developed from the computerized process simulator. The reader is specific-
ally directed to Appendix Ca for the discussion of the individual cases and
the factors that impact the efficiency. More detailed discussions of the
effects that occur in the system are presented in Appendix Cb and Appendix B
presents summary printouts of the computerized analysis for the nine cases
outlined above. Each of the cases is described briefly later in this report
section, after the economic analysis is discussed.
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Table 2 illustrates one of the basic tenets of systems analyses — an
optimized overall system is not necessarily made up of components operating at
their optimal condition. For example, the fluidized-bed gasifier of Case 3
has a higher efficiency than the entrained-flow gasifier of Case 2, with both
operating in the same system. However, the entrained-flow gasifier yielded a
higher overall system efficiency. This efficiency was recovered, including
the benefits of the improved gasifier, when internal reforming was added to
the fuel cell, as in Case 4.
Systems 7 and 9, incorporating either high-temperature sulfur removal or
the sulfur-tolerant fuel cell (both in conjunction with high-temperature dust
removal) produce nearly the lowest fraction of the total power from the fuel
cell itself. This is because the gas fed to the fuel cell has relatively high
concentrations of carbon dioxide and water vapor, suppressing the fuel cell
voltage. Nevertheless, on the total systems basis, they show the highest
overall efficiency. Thus, compromises taken it the fuel cell operating con-
ditions result in favored overall system performance. Conversely, System 8,
with high-temperature carbon dioxide transfer, shows the highest voltage from
the fuel cell; yet the overall system performance is not as high as in Systems
7 and 9. Note that System 8 did not include the high-temperature dust removal
in conjunction with the high-temperature carbon dioxide transfer. Should this
combination have been included, it is conceivable that the overall system
efficiency would again be higher.
Table 2 also indicates that, in general, high-temperature purification
systems showed efficiency advantages over their low-temperature counterparts.
High-temperature dust removal, CO 2 transfer, and sulfur removal are all pre-
ferred system options.
Of note in Table 2 is the relative power recovered in system elements.
For example, Systems 5 and 6 provide very little power from the steam cycle;
it may be reasonable in these cases to simplify the overall system by opti-
mizing the conversion taken across the fuel cell and completely eliminating
the steam cycle from the system.
Tables 3, 4, and 5 provide the economic analysis for the nine cases eval-
uated. The techniques of calculation follow the format suggested by the prime
contractor and were derived EPRI costing bases. The assumptions used in
arriving at the capital cost and operating expenses were presented earlier in
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'	 the "Assumptions" section of this document and are illustrated in Appendix Ab.
These assumptions were employed directly to give a consistent comparison
basis. It should be emphasized, however, that variations in the assumed
financial factors strongly influence the cost of electricity; further, such
assumptions can affect the relative ranking.of the systems.
The relative cost-of-power derived in this analysis must be used with
care. Significant effort was expended in evaluating a number of alternative
concepts to identify systems with relatively high overall system thermal
refficiency. Yet, this system efficiency is often overshadowed by the ex-
tremely high leverage effects of capital upon cost of power.
F
The financial factors employed in the analysis of the cost of electricity
for the various systems also tend to emphasize capital-related areas, rather
ij	 than more highly efficient systems:
o	 The contingency allowances range from 43% to 50% of the estimated base
capital cost. This assumption increases the relative capital cost
[	 charges in the electricity, and diminishes the relative importance of the
cost of fuel.
o	 The levelized cost of electricity is taken over the first 10 years of
plant life. This assumption tends to deemphasize the cost of fuel, which
would continue to escalate and show greater relative importance over a
25- or 30-year levelized cast of electricity.
o	 The 65% load factor also emphasizes capital-related charges, relative to
a higher load factor that might be anticipated on a base-loaded facility.
In the systems considered, the capital-related charges (including the
fixed operating costs that are largely capital-driven) are approximately 70%
of the cost of electricity; the coal costs, reflecting the efficiency of the
system selected, represent 20% to 25% of the cost of power. Thus, with the
underlying financial assumptions employed, an appreciable change in system
efficiency can be readily overpowered by a moderate variation in initial
capital requirement estimates.
For example, System 3 operates with a fluidized-bed gasifier in place of
the entrained-bed gasifier of System 2, with the rest of the system essen-
tially identical. System 3 had an overall system thermal efficiency of about
38%, compared with 41% for System 2. Yet, because of the somewhat simpler or
smaller gasifier, oxygen plant, and raw gas quench, System 3 has a process
equipment cost advantage of $12 million out of approximately $550 million
aw
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(about 2.2%). Yet, this small change in capital cost is sufficient to over-
come the efficiency advantage of System 2, and both systems result in approxi-
mately the same coat-of-power.
It is, therefore, emphasized that mature engineering judgement must be
employed in evaluating the alternative cases for cost-effective research and
development, rather than absolute reliance upon the numbers that have been
generated.
Discussion of Systems Analyzed
The drawings presenting simplified process flow diagrams for the nine
cases are included at the end of this discussion; these drawings are repeated
in Appendix Ca, where more complete discussions of the cases are presented,
along with discussions of the efficiency impacts of the various alternatives.
Case 1 — The Reference Case
The reference system for integration of coal gasification with power gen-
eration through molten carbonate fuel cells was supplied to the program by the
prime contractor. It employed an entrained-flow gasifier and a simplified
process configuration (Figure 2). When analyzed on the process simulator, the
system provided a process efficiency of 42.1% and, when coated, resulted in a
cost of electricity of 8.5f/kWh. This cost of electricity is similar to that
provided by the prime contractor in his base case analysis; however, the
details of the cost factors are much different: The current process simulator
results in much higher power output from the fuel cell but less energy
recovered from the bottoming cycles.
Case 2 — Conservative Base Case
Case 2 (Figure 3) employs the entrained flow gasifier but incorporates
additional features to improve the operational stability, safety, and design
conservatism. A quench step has been added to eliminate thermodynamic poten-
tial for carbon deposition and the heat exchange has been converted from
countercurrent to crossflow operation. A portion of the loss in efficiency
was recovered by incorporation of a shift reactor and improving the location
of the fuel gas turboexpander in the system. Overall process efficiency fell
to 41.6% and the cost of electricity increased to 8.7f/kWh. Note that the
decrease in efficiency caused only a minor change in the levelized revenue
requirements; the coal accounts for only 23% of the total cost of power. The
28
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'	 major factor in the cost change is a 3% increase in the total capital required
for the facility.
Case 3 — Fluidized-Bed Gasifier
The process design employed for Case 2 was modified only by changing the
gasifier to a fluidized-bed type; the remaining process elements were kept the
same (Figure 4). Temperatures and flows varied because of the different
characteristics of the gasifier. The gasifier selected was designed for mini-
mal methane production at the 500 psi operating pressure. This methane is not
reacted in the fuel cell but, rather, is only recovered as heat in the steam
bottoming cycle. The overall process efficiency dropped to 38.4%. However,
the cost of power remained the same at 8.7t/kWh. The reduced efficiency was
economically counterbalanced by only a 2.5% change in total capital require-
	
,	 ment. This reduction in cost was due to simpler heat recovery from the off-
gases of the lower temperature gasifier and the reduced oxygen demand of the
	
jq	 system.
Although the reduced cost of the system is probably directionally cor-
P
rect, the technique of factored estimates used in the costing procedure can
not have great accuracy. Because of the high leverage of capital costs on the
fl.nal price of electricity, the relatively high loss in system efficiency is
not of great importance. Thus, the results of this study, particularly the
comparison of Cases 2 and 3, must be used with care. Nevertheless, the use f
a fluidized-bed gasifier in such a system, although apparently of lower effic-
iency, merits further evaluation.
	
E.	 Case _4 - Internal Reforming
Case 4 (Figure 5) employs the identical system used in Case 3, incorpor-
ating a low-methane, fluidized-bed gasifier, but adds the developmental
concept of reforming the methane within the fuel cell with chemical and
thermal integration to the fuel cell. The remainder of this system is nearly
identical, except for the variations in output energy allocation. In spite of
the capital-related developmental charge applied against the novel fuel cell
concept, the total capital requirement dropped by over 4%, the efficiency
increased by 6.5 percentage points, and the overall cost, of power dropped to
8.3t/kWh. Apparently, the concept of internal reforming in the fuel cell is
desirable, when integrated with the fluidized bed gasifier.
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Case 5 — Higher Methane Production
By modification of operating techniques, the fluidized-bed gasifier can
^oduce higher quantities of methane (Figure 6 — a repeat of Figure 1). Such
configuration was employed in the s ystem described above; the cost-of-power
dropped to 8.24/kWh.
One case not analyzed economically (Case IVa of Appendix Ca), included a
conceptual fluidized gasifier that would permit even greater methane produc-
tion. Analysis of the directional trends of Cases 4 and 5 indicates that this
gasifier warrants development.
Case 6 — High-Temperature Dust Removal
The process of Case 5 was modified to include removal of dust at high
temperature from the raw gasifier product (Figure 7). This appruach simpli-
fies the system, eliminates much heat exchange and gas washing equipment, and
enables the gas expansion turbine to operate at higher inlet temperatures.
The overall process efficiency increased by 1.6 percentage points, the capital
costs dropped slightly, and the cost-of-electricity decreased to 8.04/kWh.
Therefore, it is concluded that curren t work on high-temperature dust removal
should be accelerated.
An alternative system that was not evaluated economically employes a
dust-tolerant water-gas shift reactor (Case V of Appendix Ca). This option
resulted in the same process simplicity as the high-temperature dust removal
and had a similar process efficiency. The concept is relatively straightfor-
ward and only a minor portion of the capital in the plant would be impacted by
developmental charges. It is, therefore, suggested that this concept also
merits investigation.
Case 7 — Sulfur-Tolerant Fuel Cell
This analysis assumed that a fuel cell can be developed that will operate
directly on the raw gas after departiculation and cooling (Figure 8).
Catalysts for this duty have been preliminarily identified. The system is
considerably simplified and overall process efficiency increased to 50.0%..
The cost-of-power decreased to 7.2t/kWh.
It should be noted, however, that the system described does not treat the
sulfur in the •_oal. Some type of stack gas scrubber should be added to the
30
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'	 system. If that stack gas scrubbing costs $150/kW, the apparent benefits of
r	 the sulfur-tolerant cell are negated.
Nevertheless, the system has merit. high-temperature sulfur removal sys-
tems (similar to those discussed later) have now been identified and tested
(on a PDU scale) to provide sulfur removal in excess of EPA New Source Per-
formance Standards for coal combustion, although not to the extreme purity
required for fuel cell application. The integration of this subsystem with a
sulfur-tolerant cell may have significant potential. The concept also has
value as a backup position should the current high-temperature desulfurization
work, directed at the extreme purities required for fuel cells, not be
fruitful when scaled up.
Case 8 — High-Tomperature CO,)
 Transfer
A concept has been identified that permits energy-efficient transfer of
carbon dioxide from the hot, high-pressure fuel gas directly to the cathode
inlet (Figure 9). This approach improves the purity of the gas feeding the
x
fuel cell because the carbon dioxide concentration has been reduced and the
concentration polarization within the fuel cell is minimized. By incorpora-
tion of this subsystem, the system efficiency is improved by nearly 2
percentage points. However, the capital cost of this op tion appears to be
about 1.7% greater than without the opO on, negating the efficiency improve-
ment and resulting in an identical cost of power of 8.2^/kWh (when referred to
Case 5 as the starting point).
The integration of high-temperature CO 2 transfer with high-temperature
dust removal may be an attractive option (similar to integration of the
sulfur-tolerant cell with high temperature dust removal). The improved
process simplicity and efficiency of the two systems would appear to be
synergistic; that is, the high-temperature dust removal improves the fuel
processing section and the high-temperature CO2 removal improves the fuel cell
section such that the combination should work better than either of the
alternatives alone.
Case 9 — High-Temperature Sulfur Removal
Several systems for high-temperature sulfur removal are under develop-
ment. The approach considered here is a spinel-based system, which regener-
ates directly to elemental sulfur, under development at IGT (Figure 10). It
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should be noted that this case is not strictly comparable to the remainder of
the examples — an overall process is considered that results in elemental
sulfur production. Other systems have included only the efficiency of the
basic system, without t energy penalties associated with sulfur production
and tail-gas treatment. Nevertheless, the system offers a process efficiency
of 50.5% and an apparent cost of power of 7.2t/kWh.
Summary
Nine systems for integration of coal gasification with molten carbonate
fuel cells have been evaluated economically to assess potential for cost
effective research in this application. The analysis is constrained by the
high leverage of capital cost upon the cost-of-electricity and the necessary
inaccuracies in the factored-costing approach utilizod. The financial factors
assumed for the analysis also impact the relative ranking of <:lternative sys-
tems. The data, however, when combined with mature engineering judgement,
indicate that a number of process subsystems appear to offer merit for future
development:
•	 Internally reforming fuel cell, chemically and thermally integrated, to
be incorporated with fluidized bed gasifiers
u	 High-temperature desulfurization
a	 High-temperature dust removal
•	 High methane content, single-stage fluidized-bed gasifier
•	 Dust-tolerant shift catalyst
a	 High-temperature CO 2
 transfer
o	 Sulfur-tolerant fuel cell.
Additionally, a number of minor process improvements have been identified
that, although apparently desirable, have not been specifically analyzed in
the economic assessment.
•	 Improved data base on carbon deposition phenomena
o	 Countercurrent heat exchangers for hazardous, high-temperature gases
o	 Improved catalytic combustion
•	 Continued systems analysis.
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CONCLUSIONS
Based upon the conduct of the project and the results obtained, the fol-
lowing conclusions have been drawn:
i
o
	
	 The technique of systems analysis is a cost-effective approach for com-
paring the efficiency of alternative systems for power production from
coal using gasification and molten carbonate fuel cells.
—	 In this system, the results are extremely sensitive to the process
assumptions
a. The systems analyst must use great care to assure that two
systems are identical in all respects except for that quantity
being varied.
b. Caution must be exercised in comparing work of different
investigators because of the probable difference in itdtial
assumptions.
—	 Overall system efficiencies, for approximately the same system, may 	 `7
vary from 46% to 57%, depending upon the initial assumptions
employed. i
o
	
	 The cost of power is highly leveraged by capital cost, minimizing the
impact of system efficiency. Additionally, the choice of financial
assumptions does not tend to favor systems of higher efficiency.
A 3-percentage-point loss in efficiency, from 41% to 38%, is
counterbalanced by only a 2.5% change in capital cost.
	
(`,''-1
The factored costing techniques employed, although directionally
correct, cannot have high accuracy.
Knowledgable engineering judgment must be employed in the inter-
pretation of the relative cost data.
o	 Several systems were found that indicate promise for additional research 	 -
and development. Such recommendations are listed in the following sec-
tion. I
The incorporation of a methane-producing fluidized-bed gasifier and {
r 	
an internalling reforming fuel cell shows a 4.2-percentage-point
gain in efficiency and a 10% reduction in capital cost when compared
with a conservative analysis of the reference case.
—	 The incorporation of high-temperature dust removal adds nearly 2
percentage points of process efficiency, without a capital cost
penalty, because of improved placement of the fuel gas turboexpan-
der. Additionally, this concept permits incorporation of other 	 =
advanced concepts, listed below.
i^
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The incorporation of high-temperature sulfur removal, together with
high temperature dust removal, improves the system efficiency by
another 2.5 percentage points with a significant capital savings due
to system simplicity, resulting in a preferred cost of power.
o A number of other subsystem elements were identified that either a) were
not coated so relative value could not be determined or b) showed lesser
efficiency and/or cost gains but, in total, might be significant.
—
	
	 Improved definition of the carbon deposition phenomena so that the
quench system might be eliminated
— Development of countercurrent heat exchange for high-temperature,
toxic, hazardous materials
— Development of dust-tolerant water-gas shift reactors
— Development of a sulfur-tolerant fuel cell
— Development of high-temperature carbon dioxide removal
—	 Development of a novel, single-stage, fluidized-bed gasifier that
produces greater quantities of methane.
o
	
	 Optimization of a subsystem element does not necessarily result in a
preferred overall system.
—	 Optimization of the fluidized bed gasifier to the limits of cur-
rently available designs, compared to the conservative designs
specified, did not improve the overall system efficiency.
— Systems with highest overall efficiency had relatively poor fuel
cell operating characteristics because of high back pressures of
carbon dioxide and water vapor in the fuel.
o	 Additional systems have been conceived that are directed at minimizing
the primary areas of energy loss in the system. These systems could not
be evaluated within the budget constraints of the program.
T
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RECOMMENDATIONS
The recommendations presented below are based upon engineering assessment
of the direct calculated results of the program and include factors for both
efficiency and cost improvement of novel processing schemes in recommending
where identified R&D may be fruitful. Also, additional systems analysis work
is suggested.
Identified R&D Effort
A number of mechanical and/or chemical processing suggestions appear to
offer promise for improving the efficiency and, in some cases, the cost-
effectiveness of production of electricity from coal through molten carbonate
fuel cells.	 The suggestions are briefly outlined below and discussed in de-
tail within the report.	 The suggestions below are not prioritized.
Improved DefinLtion of Carbon Deposition Phenomenon
The raw gas from the gasifier, and also the purified fuel cell feed gas,
have been humidified to the extent required to render the gases thermodynamic-
ally stable and eliminate the potential for carbon deposition.
The data base underlying the carbon deposition phenomenon is relatively
sparse and includes only methane cracking and the Boudouard reactions, not the
combination of gases that will be experienced in such a system. Further, a
potential may exist for the inhibition of carbon deposition in the presence of
sulfur compounds.
Although systems have been developed that nearly overcome the efficiency
penalty inherent with quenching the raw gas, these systems are cumbersome and
expensive.
Cost-Effective, Countercurrent, High-Temperature Gas-Gas Heat Exchange
Although countercurrent heat exchange between combustion products and
combustion air is often practiced in the power industry, it is rarely employed
in chemical engineering service, particularly with hazardous, toxic, or flam-
mable materials at elevated pressure, because of the extreme complexity, poor
s
maintainability, and costs of available designs. The problem with such units
is the thermal expansion of the shell and tube components and the available
^s
means to allow for differential expansion within the exchanger. Should such
units be available for operation with toxic, explosive gases at elevated
45
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pressure, the heat exchange within the system would be simplified, efficiency
would be improved, and cost of service would be reduced.
tion of Methane-Producin g Gasifiers and
A fluidized-bed gasifier, compared with an entrained flow gasifier, has
lower parasitic power demands and is more efficient in converting the coal to
fuel gas species rather then heat. In a conventional MCFC cell, however, the
methane produced in such a gasifier cannot be readily consumed electrochemic-
ally to power. Introduction of reforming capability within the anode compart-
ment of the cell, thermally and chemically integrated with the fuel cell oper-
ation, permits substantial improvement in overall system performance. Initial
R&D efforts at internally reforming fuel cells are promising. Efforts should
be accelerated, because the improved cost-of-electricity appears to be
significant.
High-Methane-Content Gasifiers
Patent action has been initiated on a conceptual, single-compartment,
fluidized-bed gasifier that should produce higher methane content in the fuel
gas through control of the mixing patterns within the single fluidized bed.
The gasifier cost should be similar to a conventional, single-stage, fluidized
bed gasifier. If developed, such a gasifier would permit improved efficiency
and lower cost in the overall system, when integrated with an internally
reforming fuel cell.
High-Temperature Departiculation
By removing particulates from the raw gas while it is hot, the turbo-
expander can be moved within the system to operate on a hotter gas and provide
greater power recovery. Process efficiency can be improved witn this develop-
ment; cost-of-power is apparently reduced.
Dust-Tolerant Water-Gas Shift Reactors
Dust-tolerant catalytic reactors have been conceptualized and appear to
offer little cost penalty relative to conventional systems. If implemented in
the overall system, the process efficiency will improve; moreover, the system
complexity is significantly reduced and the development appears to be cost-
effective.
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High-Temperature Desulfurization
The concept of high-temperature desulfurization, when used in conjunction
with high-temperature particulate removal, offers improved system efficiency
relative to currently available, low-temperature sulfur removal processes.
The improvement in efficiency, however, is not the major benefit. Rather,
this approach eliminates most of the heat exchangers, pressure vessels, and
contacting towers associated with gas cooling, thus providing a significant
cost reduction in the selling price of the electricity.
Sulfur-Tolerant Fuel Cell
r,
	
If a sulfur-tolerant fuel cell could be developed and integrated with
^J	 high-temperature departiculation described above, the overall system effic-
iency would be improved and the overall system significantly simplified. The
cost of such a system is currently conjectural, but the benefits appear to
warrant an effort in this direction.
High-Temperature Co l Transfer
A subsystem for transfer of carbon dioxide from the fuel gas to the
F
cathode feed has been conceived and analyzed. The overall system efficiency
improved by over 2 percentage points; however, with the high leverage of
capital costs used in this analysis, the bent^fi.t did not outweigh the cost.
Nevertheless, the CO2-transfer system appears to offer merit (particularly in
advanced systems that are beyond the scope of this program) and should be
further evaluated.
Improved Cata-Xtic Combustion
h
	
	
The operating temperature range of commercial catalysts in the combustion
of the anode tail gas requires significant heat exchange equipment for temper-
ature control. Non-noble catalysts with lower light-off temperature and
higher maximum-temperature limits are required for system simplification and
^k	
cost reduction.
Continued Systems Analysis
¢
L^
	
	 Several systems were identified, but could not be evaluated within the
time and budget constraints of the program. Specific areas of evaluation
include the following:
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Recycle Systems
Effective 100% conversion, rather than 85% conversion
Recover latent heat of water vapor
Air Blown Systems
Save cost of oxygen system
Use fuel cell as heat pump
Incorporation of membranes
The total system — from coal in the ground to delivered electricity
May be cost effective to manufacture methane in large, central,
mine-month facilities, transport methane, and produce
electricity in smaller substations
Relative transportation costs of coal, electricity, and gas,
favor gas
Makes maximum use of economies of scale.
The suggested effort is discussed in greater detail belgw.
1
lmproved Fuel Cell Simulator	 Cam^
The calculated system efficiency is sensitive to the fuel cell perfor-
mance; yet the fuel cell simulator is simplified and based on out-of-date
data. Additionally, the overall system is quite sensitive to the cathode off-
gas temperature, but the current simulator does not separately calculate this
parameter. Current, publishable fuel cell performance data should be acquired
and incorporated into an improved simulator.	 ea
Identified Systems Analysis Effort
Air-Blown Systems 	 -.l
It was discovered during the program that the molten carbonate fuel cell
is an excellent heat source for a heat engine. The theoretical Carnot ef-
ficiency from a fuel cell exhaust temperature of 13WF approaches 69%; the
maximum fuel cell efficiency, considering isentropic losses, is 79%. Thus,
the heat content of the exhaust gases, when recovered by a gas turbine and a
steam bottoming cycle, can approach high theoretical efficiency. Note that 	 '-
transferring the heat to the exhaust gases is preferred to a cathode recycle
that exhausts heat directly to a steam cycle.
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The system considered is to feed the gasifier with air, rather than oxy-
gen, and allow the gas to pass through the total cycle. The gasifier off-gas
°	 would contain approximately 50% nitrogen, which would be a significant diluent
and increase the size of much of the processing equipment. Additionally, it
would increase the polarization of both the anode and the cathode of the fuel
cell. However, significant thermal energy will be stored in this nitrogen at
the fuel cell cathode exhaust, and this energy may be recovered effectively byis
the gas turbine bottoming cycle downstream of the fuel cell. The system
appears to offer merit; however, the relative tradeoff of positive and
negative features cannot be ascertained without a careful comparison on the
overall process simulator.
An alternative system considers the use of an air-blown gasifier with
semipermeable membrane separation of the fuel hydrogen from the remainder of
the species in the gas. Conceptually, the system would consist of a gasifier,
quench, heat recovery, dust-tolerant shift reaction, cooling, Ind sulfur re-
moval. The high-pressure fuel gas can then be separated by a semipermeable
membrane recovering a hydrogen-rich stream. The membrane would operate be-
4	 tween the pressure of the sweetened gas and the fuel cell operating pressure
for the permeated hydrogen. Depending upon the operating conditions selected
rf	 for the membrane, either a moderate fraction of the hydrogen could be recov-
ered at high purity, or a much higher fraction of the hydrogen could be re-
covered at lower purity. The primary impurity in the hydrogen would be carbon
dioxide, which has a moderate transport rate through commercially available
membrane materials. Both the permeate hydrogen and the non-permeated, low-Btu
fuel gas would then be reheated through the heat exchanger train. The hydro-
gen would pass to the fuel cell after zinc oxide treatment; the low-Btu gas
jcould be fired into a combined cycle system, using hot cathode cff-gas as the
oxidant. A significant increase in e.tergy recovery from the exhaust gas tur-
bine would be expected because of its much higher inlet temperature.
Note that the above system has increased merit if high-temperature mem-
branes (which are now being developed) were available. After high-temperature
sulfur removal, the hydrogen could be recovered directly at elevated tempera-
ture and passed to the fuel cell. Cell operating voltage would be higher than
in the high-temperature sulfur removal case considered herein because of the
^A	
cleaner fuel gas. The cost associated with the heating and cooling trains
Jk	 would be eliminated.
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Recycle Systems
Analysis of the energy balances of the various systems considered indi-
cates that the major losses in the system are 1) the 15% of the fuel value
that is combusted directly and 2) the latent heat of vaporization of water
vapor that is discharged through the cathode to the stack. A number of Sys-
tems can be envisioned that would employ recycle to enhance the water vapor
balance.
On the total systems basis, the primary fuel is carbon, but the fuel cell
only consumes hydrogen. The carbon values are converted into hydrogen reluc-
tant by reacting with water. Because these reactions take place at elevated
temperature, the reactant water must have been vaporized and the latent heat
of that water vapor is lost as available energy to the system.
Carbon fuel is converted to hydrogen fuel by the steam-carbon reaction,
in the gasifier, and by the water-gas shift reaction, either within an
external shift reactor or within the fuel cell. *
 Also, additional water vapor
was added to the fuel cell feed to avoid carbon deposition. All of the water
added to the system — either for the chemical reactions or to maintain carbon
stability in the off -gas — has been vaporized. That heat of vaporization is
a heat debit to the system, either in raw gas cooling or in the latent heat
present in the final stack from the system. That latent heat consumed feed
energy that was not recoverable to product power.
By recycling the hot, wet, anode exhaust back upstream in the system, the
energy penalty for water vaporization can be minimized. As discussed in Ap-
pep_dix Cb, the theoretical system need not require water make
-up or discharge;
rather, it may be in water balance. By recycling the wet anode exhaust up-
stream, all of the hydrogen value required for the fuel cell operation can be
maintained in the recycle loop, without adding heat to vaporize water. Addi-
tionally, all of the fuel value in the raw gas is eventually converted to
electricity in the fuel cell, without burning the anode exhaust into the
Carnot-limited steam cycle.
* See Appendix Cb for more complete discussion.
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Case X of Appendix Ca was an initial attempt at a recycle system. In
this case, the fuel cell was fed with dry, nearly CO 2
-free gas by recycle of
the spent anode tail gas back to the feed of the acid-gas removal system. The
system permitted 100% recovery of the hydrogen value in the fuel within the
fuel cell and eliminated the need to add steam to the fuel cell feed, thus
minimizing some of the heat losses from the system. Although that system had
high fuel cell voltage and power recovery, the approach was found not to be a
preferred alternative.
Other points for reinjection of the spent anode exhaust would result in
further minimization of the water demand. The gas could be fed directly into
the raw off-gas of the gasifier, displacing the steam required for quenching.
Alternatively, the spent anode off-gas could be fed directly into the gasifier
itself, displacing all of the steam or water required for the gasifier or the
quench system. The chemistry discussed in Appendix Cb illustrates that this
approach is feasible; preliminary calculations indicate that it is almost pos-
sible, although a small bleed stream must be taken from the recirculating gas
loop to eliminate nitrogen build-up from the system.
Either approach would require removal of carbon dioxide from the recircu-
lating loop and, preferably, would require the operation of the fuel cell at
the gasifier operating pressure. In order to maintain the water in the vapor
phase in the recirculating loci, a high-temperature CO 2 recovery system is
required. The proper location for this recovery system is on the anode dis-
charge, where the partial pressure of carbon dioxide would be the greatest
(assuming that the gasifier and fuel cell operate at the same pressure).
Sufficient carbon dioxide could be transferred from the recirculating anode
loop to the cathode feed to close the carbon dioxide balance of the system.
Preferably, the fuel cell should operate at the pressure of the gasifier.
The volume of tail gas from the anode is rm ch greater than the feed; there- 	
-^
fore, expansion and recompression would be uneconomical. Conversely, the
volume of the cathode exhaust would be similar to its feed, so the penalty of
air compression should not be severe. One of the reasons that improved	
YV.
recycle systems were not considered in the current program was the
nonapplicability of the current fuel cell simulator to high-pressure fuel cell
operation. The simulator, although relatively accurate at 150 psi, showed
significant errors at lower operating pressures. The extrapolation to higher
51
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operating pressure would, therefore, be tenuous. Part of the required program
would be the development and evaluation of a fuel cell similator that would
operate well at elevated pressures.
I
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I I. Description of Base Case Design
The base case, as shown in Figure 1 is a relatively simple two pressure
level configuration incorporating a Texaco gasifier and gas clean-up system
1
!^
	
operating at 600 psia and a fuel cell system operating at 100 psia. Data on
e {	 the composition, pressure, and temperature of designated streams is given in
Table 1. The salient feature of this system is the injection of low pressure
steam into the anode fuel gas to create a carbon-free equilibrium composition
prior to entry into the fuel cell.
The Texaco gasifier is an entrained bed gasifier fed with a coal/water
slurry and oxygen producing a high temperature fuel gas. A performance
summary of the Texaco gasifier is given in Table 2. Product gas at 2450°F
leaves the gasifier and passes through the heat recovery steam generator.
CDownstrecm of the steam generator, the raw gas flow is divided into two
streams, one passing through a steam generator heat exchanger and the other
passing through a regenerative heat exchanger for reheating clean gas. These
heat exchangers are followed by a wet particulate scrubber in which the gas
enters at a temperature slightly above its dew point. Following the scrubber
is a second parallel arrangement of steam generators and regenerative heat
exchangers,-followed by a gas cooler, knock-out drum, and the acid gas removal
subsystem.
Clean fuel gas leaving the acid gas removal subsystem is regeneratively
a	 reheated to a temperature of 750°F and passed through a Zn0 polishing scrubber
to remove any residual sulfur compounds. The gas is then admitted to ank
expander turbine in which pressure is reduced to the fuel cell pressure.
Anode inlet gas is conditioned to a carbon-free equilibrium composition by
mixing it with steam extracted from the steam turbine and then it is
heated by the anode outlet gas stream. The anode discharge stream is mixed
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Table 2
TEXACO GASIFIER PERFORMANCE SUMMARY
GASIFIER PRODUCT GAS COMPOSITION (Mole Fraction
CH4	0.0008
H2	 0.2884
CO	 0.4245
CO2	0.0871
H2S	 0.0101
COS	 .•0.0006
N2	0.0678
H2O	 0.1788
NH3	0.0019
FEEDS
02t 0.84 Lb/Lb Coal
Water: 0.44 Lb/Lb Coal
Coal/Water Slurry Feed Temperature 	 140°F
Oxygen Feed Temperature
	
300°F
Product Gas Temperature 	 2450°F
Moles Product Gas/Lb Coal 	 0.10809
HHV (CO + H2 + CH4 ) HHV Coal	 .772
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with air from the bottoming cycle gas turbine compressor and passed through a
catalytic burner, to combust the remaining H 2 , CO and any CH4 .	 The burner
discharge stream is mixed with additional air and cooled recycled cathode ais-
1f,
charge gas before it is admitted to the cathode. . The cathode discharge stream,
`i after being partially recirculated through a steam generator heat exchanger for
removal	 of fuel	 cell waste heat, is admitted to the bottoming cycle gas tur-
bine.	 Downstream of this turbine is a compressor discharge preheater and an
economizer heat exchanger for recovery of exhaust heat ahead of the stack.
Steam generation for a 2400 psi/1000°F/1000°F reheat steam bottoming cycle is
accomplished in the economizer (feedwater heating), the gasifier heat recovery
steam generator (final feedwater heating and evaporation) and in the bottoming
cycle heat exchanger (superheat and reheat) which cools the fuel cell cathode
recirculation stream.
C^
The gasifier heat recovery steam generator heat exchanger, a standard
feature of the Texaco gasification system is a combination radiant/convective
unit with slag solidification and separation in the radiant portion and further
gas cooling in the convective section. Tube metal temperatures are maintained
below 800°F by restricting the beat exchanger duty to final feedwater heating
(
I,
	 and evaporation. Low pressure steam fo g stripping use in the acid gas removal
process is generated in the secondary heat exchangers	g 	 operating in parallel
i
with the clean gas regenerative heat exchangers.
Air discharge flow from the gas turbine compressor is preheated by heat
exchange with the expansion turbine discharge in order to increase the amount
of high level beat available to the steam cycle through the cathode recircula-
Fj	 tion loop heat exchanger.
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The fuel cell anode operates at 0.85 utilization of the CO and H 2 in the
fuel gas. Urreacted CO and H2 in the anode exhaust, together with a small
amount of methane generated in the gasifier which passes through the anode,
are burned in the catalytic combustor. Most of the CO2 required by the
cathode is generated by electrochemical conversion of the fuel in the anu,c ,
however, small contributions are produced in the gasifier and in the catalytic
combustor.
The gasifier pressure level of this system (600 psi) is that of an
established Texaco design. It is also.a level which is suitable for
relatively low cost heat exchangers in the heat recovery train, and for a
.relatively low cost physical absorption type of acid gas removal process.
Power recovery in the fuel gas expander turbine, in which pressure is reduced
to the level of the fuel cell, exceeds the power required by the intercooled
oxygen compressors in the oxidant supply to the gasifier.
The fuel cell nf-essure level (100 psi) has been selected at an
approximately optimized value for maximum power output from the bottoming
cycle. Similarly, the overall excess air ratio (100%) has been chosen to
maximize the combined output of the gas and steam turbine generators.
Design requirements Nr the acid gas removal process specify a reduction
of sulfur bearing gas species to a level less than 1 ,pm ( 0.1 ppm), and that
the loss of CO2 from the clean gas stream not exceed 12%. It is also
desirable that stripping steam requirements be low in order to minimize or
avoid the need for turbine extraction steam to supplement that which can be
generated from the tower temperature level heat sources in the heat recovery
64
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train.	 A single stage Selexol process appears to be capable of meeting these
requirements for the conditions of this cycle.
	 Some problem with COS removal
may exist, but if necessary, final COS removal can be handled in the 2nO
K polishing units placed downstream of the clean gas regenerative heat
exchangers.
i
E -
An overall energy balance is given in Table 3.
	 Although this system
provides a modest fuel cell output ratio of 0.30, it does achieve an excellent
ratio of waste heat conversion in the gas and steam turbine bottoming cycle.
Thus, very little low level heat is uselessly rejected in the cooling train.
I'
The net efficiency of this system is 46.7%, which is considered satisfactory
for a near term plant and would probably be increased by advancements in
tryL- molten carbonate fuel cell technology.
LCompared to other alternative cycles, this system configuration has an
attractive simplicity. In addition, the gas composition at the fuel cell
anode inlet is similar to that of fuel gases that have been used in laboratory
testing of molten carbonate fuel cells. Thus, uncertainties relative to
i	 carbon and methane formation and relative to the accuracy cf fuel cell voltage
4
predictions are minimized.
{
The principal disadvantage of this system is the calculated fuel cell DC
voltage of 0.69 volts (at the design current density of 160 m4/cm 2 ), fuel
cell voltage this low may result in electrochemical corrosion phenomena within
r	 the fuel cell stack. Although improvements in molten carbonate fuel cell
*Thermal cycle Miciency, coal piTe to busbar.
a
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Table 3.
GAS STREAM ENERGY bALANCE AND SYSTEM PERFORMANCE SUMMARY
Gas Stream Energy 5a1-nee
Energy Energy
Energy Inputs Input Output
Coal HHV Input 1.0
Coal/H20 Oxidant 0.008
Sensible Energy
Injection Steam 0.144
Energy
Plant Compressors 0.02
Total Energy Input 1.172
to Gas Stream
Energy Outputs
Fuel Cell DC 0.305
Output
Gas Tubine Shaft 0.121
Output
Heat Delivered to 0.450
Steam Turbine Cycle
Heat Available for 0.011
Stripping Steam
Generation
Stack Loss 0.223
Low Level Heat 0.016
Rejection in Gas
Heat Recovery Train
Residual Heat Loss 0.046
Total energy Output 1.172
66
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Performance Summary
ectr c Generation
Out Buts
Fuel Cell AC Output 0.299
Gas Turbine Generation 0.119
Output
Steam Turbine 0.133
Generation Output
Gross Electric Output 0.551
Auxiliary Power
Requirements
Oxygen Plant 0.034
Oxygen Compressors 0.015
Plant Gas Compressors 0.02
Other Auxiliary Power 0.015
Total Auxiliary Power 0.084
Plant Efficiency n 0.551 - 0.084 . 0.4E
Fuel Cell DC Voltage: 0.69	 =	
jj
i
is
^	 1
jL	 x
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	"	 performance will probably ameliorate this concern in the future, the present
uncertainty in predicting the voltage level at which this electrochemical
corrosion will occur provides impetus for developing system configurations that
	
j	 result in higher fuel cell voltages than are currently predicted for this sys-
tem configuration.
i
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II. Technical Assumptions Used in Base Case Design
For the Base Case the following assumptions apply:
1.	 Fuel Stack Performance
o	 Fuel Cell Temperatures
The anode inlet temperature is 1000°F. Cathode outlet
temperature is 1300°F for this system and the cathode inlet
temperature is selected to provide an anode outlet temperature
under counterflow conditions of 1150°F.
,o	 Carbon formation Criterion
The anode inlet gas composition satisfies the criterion of
freedom from carbon depositior under the condition of complete
C-H-0 equilibrium.
o	 Methane Formation
It is assumed that the kinetics of the methanation and
reforming reactions are sufficiently slow inside the anode
stream of the fuel cell under load that methane can be treated
as an inert species for purposes of determining gas k-amposition
variation through the cell anode.
o	 Fuel _Cell Average Current Density
The design value of the fuel cell stack average current density
is 160 mAlcm2.
o	 Calculation Procedurn__for Ceil_Terminal-Voltage
Cell terminal voltage is calculated by use of the fuel dell
nodal computer program described in EPRI Report EM-1670. For
68
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the Base Case, the fuel cell was represented by 10 segments.
`-:	 Nernst voltage is calculated for each node on the basis of
average nodal anode and cathode gas concentration and the local
temperature. Terminal voltage is determined by an iterative
procedure which establishes the current density distribution
such that the difference between local Nernst voltage and the
product of the polarization constant and local current density
is equal for all segments. The program is capable of handling
counterflow, coflow or crossflow relationships between the
anode and the cathode gas streams.
o	 Cell Polarization. Factor
The cell polarization constant for use in the calculation of
cell voltage has been determined from an.empirical correlation
of state-of-the-art MCFC test data.
o	 Fuel Cell Stack Inverter
A D.C. to A,C. power conversion efficiency of 0.98 is assumed.
2.	 P1antAuxiliary Power Requirements
Auxiliary power requirements are assumed to consist of the
following:
o	 Oxygen plant
Oxygen plant power is assumed to be 108% of the power for
electrically driven high efficiency air separation process
compressors of 6.8 pressure ratio.
69
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o Oxygen Compressors q
Electrically driven high efficiency compressors with three
stages of intercooling are assumed.
Plant Gas Recirculationo Compressors
High efficiency electrically driven compressors are assumed.
ka I
0 Additional auxiliary power for acid gas removal pumps and
compressors, coal handling equipment, gasifier auxiliaries, a
etc., is assumed to equal - 1.5 percent of the coal higher
heating value (HHV) energy (approximately 3% of the plant gross
output).
3.	 Gas Turbomachinery Components
0 Compressors
Efficiency is assumed to be 0.88.
x'
o Turbines z"t
Efficiency is assumed to be 0.92. ;x
_i
4.	 Electrical Machines j
All motors and generators are assumed to have an efficiency of }
0.98.
S.	 Acid Gas Removal Processes
!
o Gas _Purification
"
Processes are assumed to remove all sulfur bearing species and
HCN to less than 1 ppm.
70
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0	 Stripping Steam Requirements
A minimum requirement of 0.13 lbs of 50 psig saturated steam
per pound of coal was assumed. This assumes the combined use
of steam and N 2
 for stripping. This corresponds to an energy
requirement of 0.012 of the coal HHV, and 80% of this energy
must be available above a temperature level of approximately
330°F. For systems similar to the Base Case, the 50 psia steam
energy available may be lower than the stripping steam
requirements. This would require the excess to be supplied by
extraction from the steam turbine, at a cost per pound of coal
of approximately 2 percentage points system performance toss
	 it
per pound of steam required.
0	 CO2 Recovery
	 s
The Base Case employs a one stage acid gas removal process and
88% CO2
 recovery is assumed.
iI
I
1,
ILA
.a
E	 tt:
r
I
h
III. Economic Analysis Assumptions b Methods to be Used
1.	 Capital costs include the following basic components:
o	 TOTAL PLANT COST (TPC)
Process (On-Site) Capital
General Facilities (Off-Site) Capital
Engineering and Home Office Overhead Including Fee
- Process Contingency
- Project Contingency
o	 TOTAL CAPITAL REQUIREMENT (TCR)
Total Plant Investment
- Prepaid Royalties
- Preproduction (Start-up) Costs
-Inventory Capital
Initial Chemical and Catalyst Charge
- Allowance for Funds Dur'ng Construction
- Land
Process'capital is the total constructed cost of all on-site fuel
processing and power generating units including all direct and indirect
construction costs. Capital costs for fuel processing items can be seated
from previous literature sources or in-house data, according to the following
rule:
z—Unit 
CSize Unit A(
Cost Unit A Cost Unit 6 X ' 
Si	 't B)
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Scaling exponent C and cost basis for several fuel processing units are
given as follows:
Scaling
Capacity S*sling
Fuel Processing Unit Cost Base Factor Exyonent C
0.56PlantOxygen AP-642* Ton/Day 02
r: Coal Storage S Reclaiming/ AP-1543* Ton/Day Coal 0.78
Handling b Preparation
Gasification E Ash Handling AP-1543* Ton/Day Coal 0.60
Molar Flow 0.82Gasifier Gas Cooling Gas
Gas Cooling E Ammonia Gas Molar Flow 0.67
r Scrubbing
Acid Gas Removal AP-1543* Gas Molar Flow 0.60
(
[. ZnO Unit Gas Molar Flow 0.65
Sulfur Recovery AP.1543* Gas Molar Flow 0.60
((1 The capital cost of the fuel	 cell should be estimated as if it were a
t!
°mature" technology; i.e., the cost would be that of the "nth " fuel cell unit
and not the first, second, etc., unit ever to be built.
1_l	 General Facilities Capital includes roads, buildings, shops, laboratories,
L
etc., and are generally in the range of 5.20% of the Process Capital Cost.
For this analysis, 10% should be used.
Engineering and Home Office Overhead Including Fees is generally about
10-15% of the process capital. For this analysis, 30% should be used.
CI
U eport publisKid by Electric PoweF Research Institute, Palo Auto,California.
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Process contingencies include costs added —to Process Plant Investment for
improved technology. Process Contingencies for those units considered
improved are as follows:
t
Gasification - con",	 rcial units operated 5% )
- 100-1000 TPD plant operated 15%
- 10-100 TPD pilot plant operated 25%
Qo
- concept with bench scale data 50;
- new concept with limited data 60;
Ash Handling 5%
^^	 d1
High Temperature Gas Cooling 15%
&
rti	 High Temperature Sulfur Cleanup 50% #^
Tail Gas Treating 5%
m
Molten Carbonate fuel Cell (Base Case) 50% Fn
Molten Carbonate Internal Reforming Fuel Cell 60% (
Other process contingencies can be eosed as follows:
Percentage of Installed j
State of Technology_Develooment Section Cost
New concept with limited data 60X
Concept with bench-scale data available 50%
Small	 pilot plant data (e.g.. 1 MW) available 25%
i
t..
A full size module has been operated
(e.g., 10-100 MW) 25%
h'
Process used commercial;y with different
feed or application 5% i
I
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Project Contingency includes costs added to the Total Plant Cost that
would result from a more definitive design. A 30: Project Contingency ::ost
+	 should be used for this analysis.
Prepaid royalties include process royalty fees; a value of 0.55 of the
Process Capital (excluding contingencies) should be used for this analysis.
1!
Preproduction, or Start-up Costs, includes the following:
L
^
	
	
a) One month fixed operating costs (operating and maintenance labor,
administrative and support labor, and maintenance materials);
b) one month of variable costs (consumables) at full capacity excluding
fuel;
i
c) twenty-five percent of full capacity fuel cost for one month;
d) two percent of the TPC.
Inventory Capital includes the value of 60 days inventory of fuels, other
Cconsumables, and by-products at-full load (1005 capacity).
f
Initial Chemical and Catalyst Charge Costs include the'initiell cost of
the charge of catalysts or chemicals contained within the process equipment.
P,
75
Allowance for Funds During Construction is based on the annual interest
rate with annual end-of-year compounding and the following construction
expenditure schedule:
Percent of Total
Year	 Plant Cost
1	 33 1/3
2	 33 1/3
3	 33 1/3
The capital estimates should be based on the following:
Year Mid-1981
Debt/Equity Ratio 50/50
Debt Cost 8%/Yr.
Preferred Stock Ratio 15%
Preferred Stock Cost 11%IYr.
Common Stock Ratio 35%
Common Stock Cost 15.3%/Yr.
Discount Rate 12.5%/Yr.
Federal and State Income Tax Rate 50%
Property Taxes and Insurance 2%/Yr.
Investment Tax Credit 10%
Book Life 30 Yrs.
Tax Life 15 Yrs.
Inflation Rate 8.5%/Yr.
Real Escalation Rate 0%/Yr.
Total Plant Capacity 675 MM
76
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2.	 Operating costs are based on the following components:
o	 FIXED
-	 Operating Labor
-	 Maintenance Costs
T
-	 Overhead Chartres
o	 VARIABLE
-	 Consumables
o	 Fuel
o	 Mater
o	 Ash Disposal
u	 Catalysts and Chemicals
IL -	 Variable Maintenance Charges (if any)
'^ f
o	 FUEL CELL REPLACEMENT EXPENSE (40,000 NR LIFE)
r
k- An average tabor rate(ALR) of $25.25/person hour should be used	 This
•` ALR includes payroll burden.
Annual	 installedmaintenance casts were estimated as a percentage of the
capital cost of each plant section.	 The percentage applied varies with the
nature of the processing conditions and the type of design. 	 The following
! percentages were used in this study as shown in Table 4.
{{{``` The maintenance costs can be broken down and expressed as maintenance
labor and maintenance materials. 	 A maintenance tabor/materials ratio of 40/50
can be used for this breakdown.
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Table 4. MAINTENANCE COSTS
Percent/year. of Installed
Process Unit Function Plant Section Cost
Oxygen Production 2.0
Coal Storage 8 Preparation 3.0
Gasification b Ash Handling 4.5
Gas Processing
A.	 Gas Cooling 3.0
B.	 Gas Cooling b Ammonia Scrubbing 3.0
C.	 Gas Reheat 2.0
Acid Gas Removal
A.	 Selexol 2.0
B.	 Trim ZnO Unit 0.5
Sulfur Recovery S Tail Gas Treating 2.0
Waste Mater Treating 3.0
Steam Generation 1.5
Fuel Gas Expansion E Air Compression 3.0
Process Condensate Treating 3.0
Steam. Condensate and BFW 1.5
Support Facilities 1.5
Fuel Celt Combined Cycles 2.0
Fuel Cell Modules 0
Fuel Celt Inverters 1.0
78
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The Overhead Charges is for administrative and support labor; 305 of the
F operating and maintenance labor should be used.
r' The variable operating costs are based on a 65% yearly utilization of the
total plant capacity egad are composed of the following charges:
i
0	 Fuel	 (Coal) Cost
o	 Raw Water
o	 Ash Disposal
o	 Catalysts and Chemicals
These items are discussed below.
The 1981. delivered coal	 cost is $1.65/106 Btu (HHV) for an Illinois No. 6	
s
- coal with analyses as given in Table 5. 	 Coal costs are expected to escalate 	 j
in real year terms by 0.75/year (apparent escalation of 9.35 including 8.55
- inflation).
The 1981 ' raw water acquisition cost to be used is 50g11000 gallons.
Intake structures, treating costs and pumping costs are	 to be included in the
process capital and operating and.mairftenance charges.
i
The catalyst, chemicals and other Gf.-;sumable costs should be estimated
a
.'.from literature, in—house, or vendor sources.
1
^.,	 f
The 1981 ash disposal charge to be used is $5/ton.
Coal analysis is shown in Table 5 for an Illinois No. 6 coal.
^a
I
'a
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Table 5
COAL ANALYSIS
TYce	 Illinois No. 6
PROXIMATE ANALYSIS (Wt %)
Moisture	 4.2
Ash	 9.6
Fixed Carbon	 52.0
Volatile Matter	 34.2
100.0
ULTIMATE ANALYSIS - DAF COAL (Wt %)
Carbon 77.26
Hydrogen 5.92
Oxyg>en 11.14
Nitrogen 1.39
Sulfur 4.29
Other
100.00
HEATING VALUE - AS RECEIVED
High Heating Value (HHV) (Btu /lb)	 12,235
Net Heating Value (LHV) (Btu/lb)	 11,709
80
3.	 Economic Analysis Method
The objective of the study is to identify R&D activities that have the
	
m	 potential for making significant improvements over the Base Case Reference
Design . Improvements should be quantified, for purposes of this study, as
reductions in capital cost ( S/kW), reductions in operating costs (E/year), and
reductions in cost of electricity (COE; $ /kWh). Capital and operating cost
reductions should be calculated using the factors given above. COE reductions
should be calculated using the revenue requirement method as explained in
EPRI's 1982 Technical Assessment Guide (Report No. P-2410-SR). More
specifically, the COE should be calculated using the 10-year, short-tern;,
	
jj	 levelized analyses.
	
I	 Potential economic advantages of alternatives over the Base Case
Reference Design should then be compared to estimated R&D costs required to
i
	
_f	 utilize the alternative in a coal based fuel cell plant.
81
n..
APPENDIX Ab. FconOTnic Report for Reference Case
PRECEDING PAGE BLANK NOT FILM 6
talk =D
	
la.Eii-iiUWALU WAS	
83
{
I N S T i T U T E
	 O F
	 G A S	 T E C N N 0 L 0 G Y
	 I
i
ECONOMICS FOR
BASE CASE REFERENCE DESIGN
Jet Propulsion Laboratory
4800 Oak Grove Drive
Pasadena, California 91109
October 1982
PRECEDING PAGE BI ANK NOT FILMED
C ^
1
:i
;: i
mA.._.].__►N,FENPIONA" aW 85
I
INTRODUCTION
Ij
l
C
f1
:r
ri
FY
r'
The purpose of this report is to provide a standardized format for calculating
the Cost of Electricity (COE). The report includes a Summary Section, which
highlights the major capital and operating costs, plus Sections I through 5
which give further details on the calculation of capital costs, operating
costs, and the COE calculation method. An Appendix section is included to give
details of how units within the Reference Design were scaled and how the con-
structed costs were estimated.
Many of the economic assumptions were taken from EPRI's Technical Assessment
Guide (TAG), Report No. P-2410-SR.
C
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SUMMARY
ulation of the Cost of Electricity (COE) includes estimating the Total
Capital Requirement, the Variable Operating Costs, the Fixed Operating Costs,
and the Fuel Cell Replacement Expense.
The Total Capital Requirement can be broken into seven major elements as
follows:
$MM
1.1	 Total Plant Cost (TPC)
A. Process (On-Site) Costs 547.73
B. General Facilities Total Constructed Cost
- 10% of Process Capital - 54.77
C. Engineering & Home Office Overhead plus Fee
- 10% of Process Capital - 54.77
D. Process Contingency
- composite by process unit and state of art - 90.9
E. Project Contingency
- 30% of Total Plant Cost - (A + B + C) x 0.3 197.18
F. Total 945.35
1.2	 Allowance for Funds During_ Construction (AFD(.
AFDC
	 =	 TPC 35.28(see TAG B-5-IV-1) =	 945.35 (0.0375)
1.3 Prepaid Royalties
= 0.5% (TPG - Gen'l facilities - Project Cont. on Gen'). Facilities)4.37
0.005 (945.35 - $4.77 - 0.3 x 54.77)
88	 ,-.
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1.4 Preproduction or Start Up Costs
1 month fixed oper, costs
	 24.350 MM/yr - 12 = 2.03 MM
1 month variable oper. costs 47.67 MM/yr - 0.65 - 12 = 6.1 MM
1 month capacity fuel x 0.25 46.35 MM/yr - 0.65 - 12 x 0.25 = 1.5 MM
2i, of TPC	 945.35 x 0.02 = 18.9 MM
Total	 28.53
	
1.5	 Inventory Capital
60 days inventory of fuel, catalyst, and chemicals @ full capacity
coal = 66.35	
0
x 
3	
_	 $11.7 MM
Catalyst & Chemicals = 0.31 x	 60	 =	 0.08 MM
0.65	 365
Total	 11.78
	
1.6	 Initial Catalyst & Chemical Charge
Basis: Prorate based on AP-1543
Initial Cat & Chem-2451 = 5,4
^uaT a^ t &-Them
5.4 x 0.31 = 1.7 'MM	 1.7
	
1.7	 Land (est. 164 acres @ 5500/acre)
	 0.9
	
1.8	 TotalCapital Requirement (TCR)
TCR = ::;- 1.1 thru 1.7
	
1027.91 MM
11 i
T
1
i^
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The Variable Operating Costs can be broken into 4 elements as follows:
2.0 Variable Operating Costs
	
	 47.67
1981 MM $/yr
2.1 Fuel	 46.35
2.2 Water	 0.46
2.3 Ash Disposal	 0.55
2.4 Catalysts b Chemicals
	 0.31
4T.W
The Fixed Operating Costs can be broken into 3 elements as follows:
3.0
	
Fixed Operating Costs 24.41
3.1 Operating Labor 3.74 "'
3.2 Maintenance Costs (60% Matis, 40% Labor) 17.45
3.3 Overhead Charges (3U% Oper + Maint. Labor 3.22
241	 24.41
4.0	 The Fuel	 Cell	 Replacement Expense is treated as a yearly levelized	 sink-
ing fund (for the first 10 years only).	 The cost is $25.66 MM/yr.
The Total Annual Operating Costs equals the sum of 2.0, 3.0, and 4.0, or
$97.74 MM/ yr in 1981 $.
The COE based on the levelized annual revenue requirement for the first 10
years is made up of the following charges:
Levelizeu
RevenueKe uirement
--- S R
	185.0	 • Capital Related Charges
	
36.3	 • Fixed Operating Costs
	
73.5	 • Variable Operating Costs
	
25.7	 • Fuel Cell Replacement Expense
	
320.5	 Total Annual Revenue Requirement
COE	 _	 $0.0834 per kW-hr for 675 MW plant at 65% operating
factor
^y	 1	
y
z^ i
j
1
i
I!
	 ^
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1.0 TOTAL CAPITAL REQUIREMENT (TCR)
y
1.1 Total Plant Cost (See Appendix A for Unit Costing Bases):
_ $945.35 MM
• ;l
1.2 Allowance For Funds During Construction:
Basis:	 3 yr Construction Period;
	 i = discount rate
	 .125; ei .r inflation rate	 - 0.085
mid'78
	 mid'79
	
mid'80
	
mid'81
-------^ ----------A ---------^
1 TPC =	 1 TPC
3 3
` o---------> 1 == 1 TPC.	 1+	 i	 1 TPC	 1.125	 1
1 TPC 3	 T—+ ei	 ^F	 T.-O-96
3
o--------------------->	 = 1 TPC. 1+	 i	 2 = 1 TPC	 1.125	 2
1 TPC	 3
3
1 ++ ei I	 T.
= TPC 1 (1 + 1.0751 + 1.0369)
P
= 1.0373 x TPC
AFDC	 = .0373 x TPC
r
= .0373 x 945.35
= $35.28 MM
(See also EPRI Tfi, P-2410 SR p. B-46)
1. 1 Prepaid Royalties:
= (0.005) x (T.P.C. - Gen'l facilities - Project Cont. on Gen'l Facilities)
= (.005) x (945.35 - 54.77 - 0.3 x 54.77)
_ $4.37 MM
	
dti	
1.4 Preproduction Or Start -up Costs:
	
r	 a) 1 Month	 Fixed Oper. Costs
= 1/12 x $24.35 MM/Yr
$2.03 MM
	
I	 91	 I
b) 1 month of variableoperating costs at full capaci
^I]	
.Y. _
= $47.67 x 1 = $6.1 MM
.65 f
c) 25% of full capacity fuel cost for 1.month:
_ $46.35 x 1 x .25
—.9 _ff
= $1.5 MM
d) 2% of the Total Plant Cost
= .02 x $945.35
= $18.9 MM
Total Pre-Production or Start-Up Costs
= a $ 2.03
b	 6.1
C	 1.5
d	 18.9
$28.53 MM (1981 $)
1.5 Inventory Capital:
= 60 days inventory of fuel + catalysts + chemicals
@ full capacity
Coal:	 $46.35 x 60 __	 $11.7
.65	 365
Cat. & Chemicals:	 0.31 x 60 __ $ 0.08
.65 365
11.78 MM (1981 $)
1.6 Initial Chemical & Catalyst Charge:
Basis: Prorate based on AP-1543
Initial Chem. + cata_lyst Charge = 2.451 . 5.4
Annual 	 & Chem. c arJ	 `T5T
Initial Charge = 5.4 x $0.31 MM/Yr
_ $1.7 MM/Yr (1981)
92
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1
Total Capital Requirement: (TCR Cont'd)
1.7 Land Cost (scaled from AP-1543)
AP-1543: 1200 MW (10,000 TPD Coal) requires 210 acres
° Coal Storage Area = 105 acres
° Process Area	 = 105 acresE,
Assume for 675 MW plant that process area is the same while the coal
strorage area is proportional to power output.
Area = 105 + 675/1200 x 105 = 164 acres
Cost @ $5500/acre = $902,000
1.8 Total Capital Requirement
L 1.1 thru 1.8
= $ 1027.91 MM
i	 L
s
P
^P
I.
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0 VARIABLE OPERATING COSTS
Fuel
Water
Ash Disposal
Catalysts & Chemicals
46.35
0.46
0.55
0.31
$47.67 MM @ 65% capacity X1981 $)
2.1 Fuel
Yearly Coal Costs @ 65% operating factor:
403, 199 lbs x 12,235 Btu x 365x24x.65 x $1.65
hr	 —lb —	 10T Btu's
= $46.35 MM (1981 $)
2.2 Water:
assume the following
1. 90% of water use is from cooling tower
2. 90% of cooling tower use is for steam cycle condenser
3. Steam Cycle efficiency = 38%
Ratio of Condenser_ Duty = 1-.38
Steamturbine power	 B
Steam turbine input = 192 MW
= 655.3 MM Btu/hr
	
Condenser cooling = 	 655,3 x 1-,38
= 1,069 MMto /hr ,	 ,d
Total cooling Twr duty = 1,069 MM Btu/hr
.9
c 1,188 MM Btu/hr
CTW make-up = 1,188 x 10 6 Btu x 1_b HOD M.U.
Fir	 1000 to s
- 1,188 x 10 3 lbs H20/hr
= 142,600 gal/hr
Total Water use/hr = 142,600 - 158,440 gal/hr9._
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Variable Operating Costs (Cont'd)
Costs per year @ 65% capacity
158,440 gal x 365x24x.65 $.50
hr	 1000 gal
$0.46 MM/Yr	 (1981 $)
Note: Total Water Use = 3,900 gpm
TO  MT
2.3 Ash Disposal Costs:
Assume Costs = $5/ton
Costs @ 65% Cap.
TPD	 Ash
4838 coal x .096 x 365 x .65 x $5
Ta y_-
= $0.55 MM/Yr	 (1981 $)
2.4 Catalysts + Chemicals:
prorate from AP-154'3
1976 costs = $.455 MM/Yr 1976
for 10,000 TPD coal
1981 costs for 65% oper._factor:
= $.455 x 106 x	 4838 x 1.54 x .65
10,000	 7
= $0.31 MM/yr 1981 $
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FIXED OPERATING COSTS
Operating Labor 	 3.7
Maintenance costs
	 17.45
Overhead Charges	 3.22
$24.35
3.1 Operatinq Labor:
d	 p
f
<.F
{
I{	 =s
1981 ALR = $15.25/person-hour
- using AP-1543 as basis:
Total	 Plant operating labor = 28 people per shift
= 245,280 man-hrs/year
= $3.74 MM/Yr for 1981 $
3.2	 Maintenance_ Costs: 	 Materials (60%)
	 + Labor (40%)
% of Unit Unit
Capital	 Maintenance Capital
Cost Cost Cost
MM$ MM$
02 2 118.56
Coal	 Handling 3 25.74
Gasif + Ash Handling 4.5 36.07
Gasifier Gas Cooling + Trtng 3.7 68.95
AGR + Zn Oxide 2.010.5 52.26/6.37
SRU + TGU 2.0 16.11
Sub-total Fuel Processor 8.75 324.06
Fuel Cell Modules, Piping & Sub-system 1.0 268.75
Exp. Turbines + Stm. Cycle 2.25 183.56
Inverters 1.0 61.08
Land, Struct & Improvements 1.5 71.20
Accessory Elect. Equip., Step-up & Trans. 1.5 36.66
balance sub-total 8.7 621.29
17.45 945.35
Total maintenance Costs - Maint,	 + Maint.
Materials	 Labor
Total Maint. Costs = Total (.60) + Total x(.40)
$17.45 MM/Yr = $10.45 MM/Yr + $7 MM/Yr
3.3 Overhead Charges: ( 30
)
% of Oper. + Main. Labor)
0.1 (3.24MM/yF
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4.0 FUEL CELL REPLACEMENT COST (as Operating Expense)
4.1 1981 Fuel Cell Stock Cost Caluculation
4.1.1 Ref. EPR1 EM-1670:
(	 $ 97.63/kw	 1978	 costs
_ $133/kw	 1981 scaled from CE plant costing index
rl	
for 675 MW plant, 442 MW is MCK
Cost = $58.8 MM	 1981
4.1.2 Assume
o $13,60	 (1981 Costs w/out contingencies)
ft. 2 active area
o 160 milliamps x	 amps	 x 929 cm 2 = 149 Amps
cm 2	1000 milliamps	 ft.2	 ft.2
o .69 volts x 149 amps = 103 watts
ft. 2	ft.2
o Total ft. 2
 = 442 x 106 watts x ft.2
103 watts
= 4.29 x 106 ft.2
Cost = 4.29 x 106 x $13.60
= $58 MM in 1981 $
E 4.2	 FUEL CELL REPLACEMENT COST
Use Level Annual Payment =	 x
Use Ten Year Period
Replacement @ 5 yrs 8 @ 10 Yrs
Base Cost @ Yr	 =-	 0 =	 $58 MM
Apparent Escalation =	 8.5%/Yr	 = ea	 ea	 = (1 + er)/(1 + ei)
k Real Escalation =	 0.0/Yr	 - er
InflaV on Rate =	 8.5%/Yr - ei
Discount Rate =	 12.5%/Yr = i
Cost to replace @ end of 5 yrs	 =	 $58 (1.D85)5
=	 $87.21 MM
S	 '
n
:ost to replace @ end of 10 yrs = 58 (1.085) 10	tj
_ $131.14
x [(1 + i) 5 + (1 + i) 4 + (1 + i) 3 + (1 + i) 2 + (1 + i)] = 7.21829X
= 5 yr. Sinking Fund
	 •;
Amount remaining after 1st replacement: -
7.21829 X - 87.21
Amount @ end of 10 yr = $131.14 mm =
Amount Remaining after 1st Payment + Accumulated 5 yr. Sinking Fund
(7.21829X - 87.21)(1.125) 5
 + 7.21829X = 131.14
	
20.23X - 157.16 =
	 131.14
	
X =	 $14.25 mm/yr
	
• Process Cont. @ 50% =
	
7.13 mm/yr
• Project Cont. @ 30% = _ 4.28 mm/yr
$25.66 mm/yr
25.66 x 106
	
50.01068/KW-hr
	
442,000 KW x 0.65 x 365 z 24	 of F.C.	 power
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5.0 COST OF ELECTRICITY (COE) CALCULATION
F
rI
-	 C
IY-	
r
I
c
L
L
G
C
L
5.1	 Calculate short-term 10 yr. levelized COE:
1st 10 Years Levelized Revenue Requirement
=	 (TCR) Ps'+	 (Expenses) x LFf - Notes (1) 3 (2)
= 1027.91 x .180 + (Expenses) x LFf
Expenses = Fixed + Coal + Other Variable + Fuel Cell Replacement
1.981 Int. Real Inflat. Apparent Level Level
Fxps Rate Escal. Rate Esc. Factor l:xps
( i ) (er) ( e i) (ea) (L10)
o	 Fixed	 24.41 .125 0 .085 .085 1.4878 36.32
o	 Var.-Coal	 46.4 " 0.007 " .0926 1.5434 71.6
-Others	 1.3 0 .085 1.4878 1.9
o	 Fuel	 Cell	 25.66 " " - 25.66
135.48
Levelized Revenue Requirement for first 10 years =
(mm $1yr )	 W
	
185.0	 57.8	 Capital Related Charges
	
36.3	 11.3	 Fixed Operating Costs
•	 Variable Operating Costs
	
71.6	 22.3	 - Coal
	
1.9
	
0.6	 - Others
	
25.7	 8.0	 Fuel Cell Replacement Expense
	
$320.5	 100.0
C.U.E. = $320.5 x 106 _ (675 x 10 3 x .65 x 24 x 365)
= :?.0834 per kWhr
Notes:
(1) Pp = factor for cumulative present value of carrying charges for the
SJ	 f# e4 f vaare of nrniart
(2) LFf = levelizing factor for f years
(3) Factors found in EPRI TAG p. A-3 and A-5
^ r
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CASE 2
Add Quench, Shift, Crossflow Heat Exchange
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CASE 3
Change to Fluidized-Bed Gasifier,
Producing Low Methane
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ORIGINAL EFFICIENCY COMPARISON
During the course of the program, 66 separate cases were examined for the
integration of coal gasification for molten carbonate fuel cells for power
generation. Of these, 20 cases were analyzed for variations in system
efficiency by modification of process configurations. These cases were
undertaken early in the program, on the basis of a constant coal feedstock to
the system with varying power production, and are discussed in this appendix
of the report. Additionally, nine of these 20 cases were revised to a
constant power output basis, with slight modifications in system parameters to
make them more truly comparable, and analyzed on an economic basis in the main
body of this report. Twenty additional cases were evaluated to indicate the
effects of primary assumptions upon the total system efficiency; these cases
are presented in Appendix Da. The remaining cases are not specifically
presented. Many of these represent minor variations in a specific analysis or
involved short optimization studies by varying a single process parameter. In
these cases, the results are discussed below but not specifically analyzed in
depth.
Many of the cases were .reanalyzed periodically during the program. As
the output from later systems was assessed, it became apparent that the
overall system was extremely sensitive to minor variations in specific
inputs. Therefore, earlier cases were reassessed, with particular attention
paid to these inputs, so that the results would be more comparable. An
example of the complete printout, for a single case is included as Appendix Cd
in this document, to illustrate the types of calculations that were made to
integrate the entire system. Complete printouts of the major systems analyzed
were placed on file with the prime contractor; however, only summary sheets
are included (Appendixes Cc, Db, and B) with this document because of the bulk
that would result.
Efficiency Comparison of Alternative Systems
1.1
tl
U
U
The primary charge of the project was to evaluate alternative systems
that might be conceived for integration of coal gasification with power
generation by molten carbonate fuel cells. Emphasis was to be placed on
identifying development effort that may be cost-effective in reducing the
overall cost of future power generation. Twenty systems, incorporating
	
t.
various features of this integration, are summarized in Table Ca-1.
.tNTEN'IjQNBILIj
	
163
	 PRECEDING PAGE BLANK NOT FILMED
I N S T I T U T E
	
O F	 G A S
	
T C C H N 0 L 0 G Y
ORIGINAL PAGE IS
OF POOR QUALITY
m mm am W m
C Y Y W
E
d C
w
Cw w
U S S V
O U V a' a v vk K. Kr m N b m
^. U U U U
t'1 ^O P
V1 [^+ N try
K
^ ^ ^ O: ^p r V O\ W N h m N m V: 1^1 11 NN
V
..
V
P1'1 O
^T
n
^
V
V
VlV n .. n O` m C
Vt^fC] V V V V V V V V V V V h V
(/^ ZI h N 11 W O^
.Nn N W r C Ohl V m '^ ^' W Or Vr h^D Wm Nn N I.1 n ^
V1
a
r n r r n n ^
c ^
O^+ c I o r o n n r y m o ^n o c m n
^..^	 ro Y '
r - N PI 1 N PI
 h V
u j
fs7
	
O
U E
^
Ca
.y
^E
W^
^" U V1"f WO NV OP Vl ^ ^ ^ m t0 1"f h 01 t•1 P
^' ^
;
O d	
I h
h h h .1
^
m
h
^O
P
b
V
V1 b m
V1
[r] ^Y s ^ ^O ^O ^p ^O ^p ^O .O ^O m
1
H CZ W
^„^
ul
^	 i n N W O N ^ ^ ^ ^ ^O .T ^O V ^ rro V h h ^p .y
• Q Z	 ^ _
^+ U
I v
ro
U
C/ Y O
•u o .+p wd HW Y
u
A
ro
H c u o
udi w
d E G 4gad.Y
..di
SU E
d
C
C H
E y C
w C  C
dY
O
C L d N d M d o 0 0 w D d Oo da u
.:^ C ^ A 0 m L J d
m
M
Y .0 Ct0 U . Yd Y Y N
dM Y dY dY mR
Y
m 0. 9 ^ 9 ^ d d Op Cd O C NX d d d
m
C C C C > C
Y
Y u q
V6 L p
^
^
^
m
q
^ V O
O
O
U
F
tLJ
q d Yd Ydwd U C N 9N ry
q M N M 9d O td yN 6 O 6 E
•-1
NU dz d E y
^ °m a° .'"i ^
6 F
O v v S y a E^
N T 9 > > > > C
_
C dd d v O .i ,..^ .i o u ; q ^ ^ mW
x G ^ ^" ^ ^ U aO O aZ OA S m ^ ^S 2 G
d y
H
^y O d U 9 d w W
N N N y 1-1 1=1 F1 H Y4 N I^j y HU FI
`I Fi M
^! 7 ^J i 1-1 X
154
I N S T I T U T E	 O F	 G A S	 T E C H 0 0 L 0 G Y
SAdditional systems were also analyzed, but are not presented in depth, either
s
because they showed little potential or were primarily optimization studies on
the systems included. 1
This appendix presents the results of the initial analysis (after several
iterations for comparability) of the twenty systems.
	
The cases all present
the power output obtained from a constant 4991 tons/day of coal — the amount
required for 675 MW of power from an early iteration of the base case.
	
The
analysis reflects the learning experience that was encountered as the project
progressed.	 The cases are closely comparable, based upon knowledge gained on
the system sensitivity. 	 However, the final iteration, presented in the body
of the report, shows slight discrepancies from the analysis below.
Case I — The Base Case
fromThe prime contractor prepared a reference design, derived
evaluations by others, as a starting point for this systems analysis effort.
That contractor's report, together with its economic analysis, is included as
Appendixes Aa and Ab.
	 The discussion of the system in that document is
^ detailed; only the major features of the system are described below, together a
5 f^
with deviations and evaluations used in the current analysis.
The basic configuration of the base case is presented in Figure Ca-1.	 In TrI'
that base case, an entrained—bed gasifier produces a high —temperature raw
A gas.	 The gas is cooled by waste heat recovery to high—pressure steam.	 The
 gas is further cooled by "regenerative" heat recovery (to the purified gas).
After scrubbing for dust removal and condensation, the gas is treated for
selective H2S removal at ambient or reduced temperature. 	 The sweetened gas is
reheated by the raw gas in the heat exchange described above. 	 Because not all
i
i
of the heat available in the raw gas is required for reheat to the purified +
gas, additional high-pressure steam is recovered by parallel cooling of the j
raw gas.
	
The hot, purified gas is tuboexpanded to the fuel cell oPerating
pressure, humidified for carbon control, and fed to the fuel cell. 	 After 85%
rU
conversion of the hydrogen and carbon monoxide within the fuel cell, the spent• i
 anode exhaust is catalytically combusted with hot, compressed air and fed to it
^t the fuel cell cathode.	 An additional cathode feed is a recirculating stream
derived from the cathode exhaust and cooled (to high—pressure, superheated
steam production) for fuel cell temperature control. 	 The remainder of the
spent cathode gas is exhausted through a turboexpander and heat recovery to
^ 165
^ k	 '
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E
the incoming air. Isentropic compressor efficiencies are 88% and expander
efficiencies are 92%. Other assumptions used in the analysis were —
1. The fuel cell operating pressure was taken as 150 psia so that the output
from the process simulator would closely approximate fuel cell data.
(See "Assumptions" section of main text).
2. The spent cathode exhaust was discharged from the stock at approximately
500°F to avoid potential plume formation.
3. The gas purification by a selective Selexol system was specified for 19%
H2S in the acid-gas, a value that has been found to be a satisfactory
feed for split-flow Claus sulfur plants.
	
No effort was made to recover
COS in the acid-gas removal system, because of the high steam and power
demands of the Seloxol system when applied for this duty
4. Steam addition for carbon control, feeding the fuel cell, was selected as
midway between the theoretical requirements for inhibition of graphite
and amorphous carbon deposition.
5. The power production from the high-pressure steam system, with reheat,
was taken as 35.28% efficiency to include factors for boiler feedwater
{t pumping and the cooling water system.
6. The precise estimation of temperature levels available for high-pressure
steam production and reheat was not attempted because of the additional
n
energy production and demands withiu the overall system (sulfur plant,
tailgas system, water stripping, ammonia recovery, and water treatment
ii
system) have not been quantified.
Li
Evaluations of the system include —
1. The overall system, with the conservative approach indicated above,
calculates as 42.1% efficient, compared with 46.7%, calculated by others
for this system.
	
Power generated in the fuel cell stack in the current
design is much greater, proportionally, than that shown by others; the
recovery of waste heat is reduced because of the more conservative design
employed.
2. The entrained-bed-gasifier design appears optimistic. 	 The design assumes
the capability to pump slurry at 70% feed solids concentration, and the
oxygen demand is relatively low, particularly for the 100% carbon
utilization claimed.
3. The raw gas leaving the gasifier is thermodynamically unstable for carbon
I deposition when cooled to the temperatures of waste heat recovery.
4. The temperature profile of the "regenerative" heat exchange system
ry
L
engineering
indicates a degree of countercurrency not often encountered in chemical
practice, particularly when operating with hazardous, toxic
gases at elevated temperature and pressure.
167
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'he heat balance indicates major energy losses to latent and sensible
seat of the system exhaust, to steam cycle losses, and to fuel cell air
Compression.
6. The gasification efficiency of the coal in the entrained-bed gasifier is
relatively low. Although 100% conversion of the carbon is assumed, the
heating value of the gas is only 77.2%. of the coal fed to the system.
Base Case Re-engineering
A number of cases were considered to ensure system operability for the
base case. In particular, carbon stability of the raw gas was examined, the
countercurrent heat exchange was converted to a safer operation, and the
efficiency of rotating equipment was reviewed. Additionally, subsystems were
added or moved within the process to achieve greater recovery of energy.
t
i
i
i.
5
s
dpi	 '
not as critical. Energy that is not recovered to the shaft still exists as
thermal energy in the expanded gas, to be recovered downstream in the steam 	 ,
cycle.
After consultation with experts in the field, it was determined that	
j
efficiencies approaching those assumed in the base case design would be
`	 I	 I
achieved in the field, although guarantees offered by equipment vendors may be 	 J' ,
about 5 percentage points lower. Therefore, it was decided to employ the
efficiencies of the base case for rotating turbo equipment throughout the 	 y y
remainder of the program.
Case Id evaluates more conventional heat exchange equipment, as applied
to the base case design.
i
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The first evaluation was the relative efficiency of the compressors and
expanders within the system. The base case was reevaluated at three levels of
assumed compressor and expander efficiency. It was found that an assumed 5
percentage point reduction in the efficiency of rotating equipment caused a
decrease of 1.5 percentage points in the system efficiency. This efficiency
loss was approximately constant for all efficiencies greater than 75%. The
primary reason for the loss was the compressor. In multistage compressors,
interstage cooling is used to condition the gas to an acceptable temperature
prior to each stage of operation. With lower efficiencies of compression,
more of the energy supplied as work of compression is removed as waste heat in
the interstage coolers. With expanders, on the other hand, efficiency loss is
I
The reference design employs the use of highly efficient, apparently
countercurrent, "regenerative' heat exchange. In the chemical process
industries, regenerative heat exchange is defined as the alternating heating
Y
and cooling of inert solids. For example, refractory checkerwork may be
heated by contact with a hot gas. After an interval of time, the hot gas is
valved off, cold gas is valved in, and the heat stored within the checkerwork
is transferred to the colder gas. Conventional nomenclature defines energy
recovery by heat transfer through metal walls as "recuperative."
In the chemical process industries, conventional heat exchange is not
countercurrent, but rather crossflow. The cost of double-pipe heat
exchangers, required to approach countercurrency, is excessive, primarily
because of the mechanical problems that arise from the thermal stresses
encountered. The differential expansion of the shell and tubes must be
considered and usually packing glands are employed. Such a design would be
questionable with toxic, flammable, hazardous, high-pressure, high-temperature
r-t	 gases.
In crossflow heat exchange, normal engineering practice is to assign a
temperature differential between the temperature to which the hot gas is
cooled and the temperature to which the cold gas is heated. Thus, in the
general case, crossflow heat exchange cannot approach the efficiency of the
countercurrent heat exchange.
An exception for improved temperature recovery is the use of several
crossflow heat exchangers is series. If the quantity of heat being
transferred is large, and the surface area required for the heat exchangers is
therefore also large, a number of heat exchangers (or shells) may be
L[
	
required. Rather than arrange these shells in parallel, a series
configuration can tend to approachpp roach eountercurren¢y in the heat exchanges.
In the current system, because the quantities of heat being transferred
are quite large, the series heat exchange approach is reasonable. Engineering
judgment was used to assign a practical number of shells at each point in the
1 heating and cooling of the fuel gas stream, and the system was evaluated with
specific heat exchangers identified.
This approach necessitated an energy loss in the system, relative to the
countercurrent exchangers, approximately 100°F of energy will be lost from the
169
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gas stream to air cooling and/or cooling water for each heat exchanger train
included. The overall system efficiency drops by approximately 0.3 percentage
points when this type of heat exchange is included.
	
Case Is was developed to evaluate the performance penalties encountered
	 i
if conservative engineering were employed in the design to counteract
potential carbon deposition from the gasifier raw gas.
Raw gas from the entrained-bed gasifier has significant thermodynamic
potential to deposit carbon. When analyzed on the triangular C-H-0 diagram,
1
the raw gas composition contains relatively more carbon atoms that can
theoretically exist in a thermodynamically stable gas. (See Appendix Cb for
further discussion.) Although mechanisms may exist to inhibit carbon
deposition in such a system, current prudent engineering practice would
dictate that the gas should be treated to be stable with respect to carbon
	
deposition before it is cooled to the temperature where this effect would be 	 }
expected.
For this case, sufficient water was added to the raw gas to yield an
overall gas composition that would be thermodynamically stable.	 The water was
added as liquid.	 The quantity of water added to the quench was somewhat I
greater than actually required to control carbon deposition.	 The theoretical
quantity of water was determined and a short optimization study was performed
to find the preferred quantity of water for the most efficient overall system. 4^
Rather than lose the hydrogen content of the water that was added for
i
quenching the raw gas, this case also included a water-gas shift reactor on
the raw gas to convert much of the water to hydrogen before condensation. 	 For
this effort, two stages of water-gas shift reaction were employed for a 1
reasonable degree of water conversion.
t
The net effect of these counter-acting system changes was a decrease in
the overall system efficiency by 2 percentage points, to 39.8%.
	 The addition
i
of the quench water removes heat from the high-temperature gas — heat that
was recovered to the steam system in the base case. 	 For this case, much of
that heat was not recoverable to power. 	 The use of the shift reactor,
however, converts a portion of the water to hydrogen for eventual consumption
(^
in the fuel cell and reduces the quantity of steam that must be added dust
prior to feeding the fuel cell. 	 As discussed in Appendix Cb, the addition of
170
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steam at that point is a second-order effect, but higher hydrogen content to
f	 the fuel cell is a preferred option.
A
Case If was developed to indicate the impact of a preferred location for
the turboexpander employed on the raw gas. In the initial base case design,
the expansion turbine was located on the purified gas. With the inclusion of
the shift reactor, as in Case Ie, the temperature of the gas leaving the first
shift reactor is much greater than the gas temperature feeding the turbo-
expander. Additionally, this gas contains water vapor and carbon dioxide, at
temperature and pressure, that are unavailable to the turboexpander in Case
Ie. Consequently, Case If was designed to evaluate the system with the turbo-
expander moved to the discharge of the first shift reactor. Figure Ca-2
illustrates the configuration of the system.
With the improved temperature and gas quantity for the fuel gas expansion
turbine, the system efficiency increased to 40.9%, approximately 1.2
percentage points lower than the original base case design. However, this
case contains several system modifications for improved process operability,
safety, and system control. Consequently, the use of raw gas quench, water-
gas shift reaction, and improved location of the expansion turbine were used
in further systems for analysis.
Case II — Fluidized-Bed Operation
rA
I
V
Case II was developed to evaluate the performance of a fluidized-bed
gasifier within the system, rather than the entrained-bed gasifier used
above. The overall processing scheme for the fluidized-bed gasifier is
presented in Figure Ca-3; the scheme is essentially identical to that used in
Case If, with the substitution of the fluidized-bed gasifier for the
entrained-bed system.
The entrained-bed gasifier requires relatively high oxygen demands
because of the high temperature of the product gas. Therefore, on the overall
systems basis, more of the carbon in the coal is converted to carbon dioxide,
rather than fuel gas species. The single-stage fluidized-bed gasifier should
provide operating advantages because it requires less oxygen for operation. A
fluidized-bed gasifier was specified to operate with relatively conservative
design conditions. The operating pressure of the gasifier was selected as
500 psi to give a margin of safety relative to current limits of lockhopper
171
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Luchnology. Coal injection gas requirements were identified, as well as dust
losses and carbon content in the ash, to assure a realistic design.
F ^	 I
•i
i
I
a^a
	 I
i
t
I
-- 1
I
The chemistry for a single—stage coal gasifier, operating at 1875°F at
500 psi, indicates tat approximately 8.3% of the carbon fed to the gasifier
will be present in the off—gas as methane, if the gasifier is designed to
minimize methane production. This methane content translates to 3.7% of the
raw gasifier effluent. The summary printout of the gasifier design is
included in Appendix Ce.
The gasifier, as expected, was somewhat more efficient than the
entrained—bed gasifier. The steam/carbon ratio in the gasifier was assumed at
1.0 molar and the oxygen required, for the system to be in mass and energy
balance, was 0.35 moles/mole of carbon in the coal. Approximately 3.1% of the
carbon in coal was lost to the dust and ash losses; the higher heating value
of the product gas is 82.4% of the heating value of the coal.
The downstream processing was similar to Case If and optimization studies
showed that the preferred amount of water quenching of the raw gas, on a total
system basis, should be minimized. For the conservative design, the quantity
of water added at that point was taken to be midway between the water demand
for carbon control to graphitic carbon thermodynamic equilibrium and amorphous
carbon equilibrium.
Case II was over 3 percentage points lower in system efficiency, compared
with Case If, which employed the same system components but with the
entrained—bed gasifier. The fuel cell power production was considerably
lower, because the methane fuel content of the gas was not available as power
from the fuel cell, but rather was burned to the steam cycle. Even the steam
cycle power output was not considerably higher than Case If, because of the
steam demands of the fluidized-bed gasifier.
Alternative gasifier configurations have been developed that minimize the
steam demand for fluidizing the gasifier. For example, some systems have
employed recycle of product gas as a primary fluidization medium with only
minimal steam addition for reaction control. However, in other systems
analysis efforts, the gas composition in these configurations is much more
unstable with respect to carbon deposition; therefore, with the greater energy
penalty for additional quench, the overall system is not more efficient.
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In the economic analysis work that followed, and is reported in the body
of the text, the Case II system offers promise. Although the system with the
Q
	
	 fluidized-bed gasifier shows much lower efficiency than the entrained
gasifier, enou is, capital savings was realized that the two systems are
essentially identical in the cost of electricity. Therefore, the use of
fluidized-bed gasifiers in conjunction with molten carbonate fuel cell power
production appears to warrant further investigation.
Case III — Internally Reforming Fuel Cell
Case III was developed to evaluate the concept of a fuel cell that
incorporates internal reforming of the methane to hydrogen and carbon
monoxide, with thermal and chemical integration of the reforming with the fuel
cell unit. Although the concept of an internally reforming fuel cell is
relatively old, attention has again been focused on the operation of fuel
cells that incorporate this feature. Active catalysts have been identified
and evaluation is under way at several fuel cell laboratories.
The chemistry of the overall system is discussed in detail in
Appendix Cb. That chemistry is summarized briefly below.
The steam-methane reforming reaction is the chemical recombination of
methane and water vapor to produce carbon monoxide and hydrogen. Thermo-
dynamically, high conversions are favored at the fuel cell operating
temperature and pressure, When incorporated within the anode compartment of
-'
	
	 the fuel cell, the reforming reaction utilizes water vapor that is generated
within the fuel cell, thus decreasing the back-pressure of water vapor in the
Nernst concentration polarization effect. Additionally, the quantity of
hydrogen in the cell is increased, further improving the polarization. The
Lsteam-methane reforming reaction is endothermic — 1000 Btu of methane heating
value is converted to approximately 1300 Btu heating value in the product
gases, requiring an input to the reaction of approximately 300 Btu. The
excess heat released in the fuel cell can be used to drive this reaction,
rraths_ than be discharged to a steam cycle. On a total systems basis, the
+
	
	 reduced heat load in the gasifier (with decreased carbon and oxygen
consumption) results from the production of methane in the gasifier, but this
metha,3e can be converted to hydrogen fuel within the fuel cell, using excess
heat from that cell.
f
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As illustrated in Figure Ca-4, the configuration of Case III is
essentially identical to Case II, with the incorporation of the reforming
reaction within the fuel cell.
Thermal and chemical integration of methane reforming, within the anode
cavity of the fuel cell, produces exceptional advantages when combined with a
methane producing gasifier. Case III exhibited a full 7 percentage points
greater efficiency than Case II, with most of the advantage occuring in the
fuel cell output. The most inefficient form of power generation — the steam
cycle — was reduced to a low level. It is concluded that the concept of an
internally reforming, molten carbonate fuel cell, deserves increased
attention.
Case IV — Operation of the Gasifier With Higher Methane Production
Case III, above, indicated high promise for a fluidized-bed gasifier
integrated with an internally reforming molten carbonate fuel cell. The
gasifier operating characteristics had been specified for relatively low
methane production. By proper mechanical construction of the gasifier, the
methane production can be increased. Such a gasifier is more efficient, has
lower oxygen demand, and higher product gas heating value.
Case IV was developed to determine if the higher methane content from the
product in the ;,,Zoduct gas would be desirable in the overall system. New
gasifier material and energy balances (Appendix Ce) were developed for the
candidate coal and the gasifier design that would convert 13.5% of the carbon
in the coal to methane (6.1% methane in the product gas). This gasifier
design was similar to that used by M. W. Kellogg in its evaluation of
fluidized-bed gasifiers for SNG production. 6 For the current case,
conservatism in design tas maintained: the steam requirements of the gasifier
were maintained constant at 1 mole of steam/mole of carbon fed to the
gasifier. Oxygen requirements of the gasifier decreased to 0.31 mole/mole of
carbon, as required by the gasifier heat balance. Carbon lost to dust and ash
was maintained at 3.1% of the feed and the heating value of the resulting
product gas was 82.7% of that in the coal.
At this time, it is of value to review the gasifier operating parameters
for those systems which were used in this study. Although two other gasifiers
are used in later analyses, they are either conceptual or showed no real
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operating advantage. Therefore, the three gasifiers discussed at this point
are sumamrized below in Table Ca-'L.
The fluidized-bed gasifiers have lower oxygen demand and convert a
greater fraction of the coal heating value into t-,.. oroduct gas that may be
employed in the fuel cell. when one considers the z ,r rall chemistry of the
system (Appendix Cb), the carbon in the coal is converted to hydrogen for
consumption in the fuel cell through either the water-gas shit or the
internal reforming reactions. The equivalent hydrogen produced per unit of
coal is considerably higher for the fluidized-bed gasifiers and the gasifier
producing increased methane appears to be preferred from this analysis. From
the triangular C-H-0 diagram of Appendix Cb, one notes that the fluidized-bed
gasifier requires much less water addition for stabilizing carbon deposition;
the gasifier with the increased methane production requires greater water
addition than the low-methane fluidized-bed gasifier. This effect will
counterbalance part of the advantage of the increased methane production.
The overall system considered for the analysis is identical to Cases If,
TI, and III, but incorporating the improved gasifier with the internally
reforming fuel cell; it is illustrated in Figure Ca-5.
The increased methane content of the gasifier, combined with the
decreased oxygen requirement, increased the overall system efficiency by about
0.7 percentage points. Thus, this system is apparently preferred, but not
with the degree of improvement anticipated.
System Modifications
Several cases w«re evaluated to optimize the system of Case IV and to
indicate the impact of operating variables. In an unreported analysis, the
current density of the fuel cell was varied over a narrow range and the
overall impact upon system efficiency was found to be minor. From this
effort, a fuel cell current density of 150 mA/cm2
 was used in the remainder of
the work.
In another optimization study, the air flow rate to the cathodc- was
varied and found to be an important variable upon the system output. From
this effort, the air flow to the cathode was set at 160% of stoichiometric
requirements.
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Table Ca-2. GASIFIER SUMMARIES
Entrained	 Fluidized Bed
=	 Bed	 Low Methane	 High Methane
Product Gas
Temperature, °F 2450
F
Pressure, psia 600
Composition, mol
H2 29.4
CH4 0.1
4. CO 43.3
I:
CO2 8.9
H2O 18.3
[I HHV/HHV Coal 0.772
s
02 Demand, mols/mol C 0.47
Equivalent H2* HHV/HHV Coal 0.776
r,E;
1875	 1875
500	 500
29.3 25.8
3.7 6.1
24.9 24.8
14.3 15.1
27.8 28.2
0.824 0.827
0.35 0.31
0.868 0.895
* Equivalent H2 = (HHV H2) (H2 + CO + 4CH4 )/HHV Coal.
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Case Na was developed to evaluate the impact of a conceptual gasifier
that is anticipated to produce greater methane contents than systems currently
" under development.	 IGT has initiated patent action on a modified gasifier S	 I
configuration that, through control of operating conditions within the single$
fluidized bed, is anticipated to enhance methane production within the
gasifier.	 The operating conditions have been identified and the methane
content of the product gas has been estimated.
	
Gasifier heat material
balances were developed for the candidate coal and the gasifier was integrated
into the system to indicate the impact.	 With the exception of the modified s
gasifier, the system was identical to that of Case IV, as illustrated in
Figure Ca-5.	 The use of the conceputal gasifier improved the system
performance by 2.5 percentage points, significantly higher than the earlier
cases.	 Because the gasifier is conceptual, however, the system was not
employed in later design evaluations.L
Cases IVb_, c, and d were developed to illustrate the impact of relative
fuel conversion, taken within the fuel cell, upon the overall system
I
efficiency.	 Apparently the system is not optimized at the 857 conversion that
i
had been employed as a basis for this study — even greater efficiency can be
achieved at 90% conversion efficiency across the fuel cell.
	
Careful study of
+i this case, however, indicates that the effect might be a result of the
J" mathematical fuel cell simulator employed in the analysis, and these effects -
might not necessarily occur in practice.	 Therefore, the value of 85% fuel gas w
conversion efficiency (hydrogen, carbon monoxide, and methane) was maintained
M
constant for the work in this effort.	 Also, this conversion efficiency was
maintained to improve comparability to other analyses. rt	 {
r
` Case IVe is essentially identical to Case IV, but includes the results of
L1 several small optimization studies.	 It includes the preferred air flow to the -!
cathode, as discussed above. 	 It also incorporates a two-stage compressor on
l the cathode ait supply. 	 At an overall air compression ratio of 10, convent-
ional practice would suggest that a three-stage compressor be utilized.
However, by technology transfer from other compressor applications, it is b.	 SS
known that outboard bearings and labyrinth seals may be used to permit higher
(! gas discharge temperatures.	 With this modification, a two-stage compressor
could be employed.	 This option permits increased heat recovery from the
compression energy into the cathode air, permitting a slightly increased
IJ system efficiency of 0.4 percentage points.
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Cases IVf and g, taken together with Case IV, indicate the impact of the
amount of quench water used in the system. Case IV is based upon a
conservative utilization of quench water, IVf employs minimum theoretical
amount of quench water, and IVg assumes that quenching will not be required,
perhaps because of the inhibition of carbon deposition by the presence of
other species in the raw fuel gas. Note that if the quench operation could be
completely eliminated, the process efficiency improves by 1.4 percentage
points. Therefore, an in-depth evaluation of the carbon deposition phenomena,
and the possible inhibition of carbon deposition, should be undertaken.
Case V --Dust-Tolerant Water-Gas Shift Reaction
Case V was developed to indicate the potential for process improvement if
the water-gas shift reaction could be operated on a dusty gas, rather than one
that had been previously washed for dust removal. Five systems were evaluated
incorporating a dust-tolerant shift reactor; the system presented as Case V in
Table Ca-1 is the preferred variation. Catalyst configurations for such an
operation have been identified and the penalty for inclusion of such a system
is a moderate decrease in the space velocity required to achieve a specified
degree of reaction.
Because this process modification was not selected for system costing and
economic analysis, a separate drawing has not been prepared to illustrate the
system. The system may be described as follows:
The raw gas from a fluidized-bed gasifier (taken from Case IV) is
quenched for carbon stability and heat is recovered through a waste heat
boiler to the required inlet temperature for the water-gas shift reaction.
Although the gas has undergone primary solids removal through the cyclone
associated with the gasifier, it still contains a dust loading that would have
been washed out in prior systems. For this case, however, the dusty gas is
fed directly to the caater-gas shift reaction system. The shifted gas is
cooled through a heat exchanger train; scrubbed for dust, ammonia, and excess
water removal, and selectively desulfurized in an acid gas removal system.
The purified gas is reheated in the heat exchanger train, expanded to fuel
cell operating pressure, and humidified for carbon control before feeding the
internally-reforming fuel cell. This system permits elimination of one gas
washing train prior to the shift reactor, resulting in an energy saving
equivalent to a 100°F temperature rise in the eas. The turbine ooerates on
a.e
H I r•
rAX
I
	
I ^
the desulfurized gas; therefore, the mass of water vapor and CO 2
 present in
the inlet to the gas turbine has been reduced. However, the heat of the shift
reaction is still available to the turbine through the recuperative heat
exchange train.
The overall efficiency of the modified system is 47.5%, 1.7 to 2.1
percentage points greater than systems without the dust-tolerant water-gas
shift reactor. The overall system is somewhat simpler than Case IV because of
the elimination of one heat exchange train. Therefore, it is suggested that
the concept of the dust-tolerant shift reactor should be investigated more
thoroughly.
This system was not selected for economic analysis for the main body of
the report. Similar system simplification and efficiency were determined for
Case VI (below) and the economic evaluation of Case VI should be indicative of
the economic advantages of the dust-tolerant shift reaction system.
Case VI — High-Temperature Dust Removal
Case VI was developed to indicate the potential for high-temperature dust
removal in the coal gasification/fuel cell power generation system. Several
techniques for high-temperature dust removal are being developed in various
laboratories; the techniques are primarily being developed because of the need
for this subsystem with pressurized fluidized-bed combustors when integrated
with combined cycle power generation. The results of this analysis indicate
that high-temperature dust removal is also applicable in the integration of
coal gasification with molten carbonate fuel cell power generation.
Figure Ca-6 indicates that the high temperature dust removal subsystem
considerably simplifies the overall process. Three cases were examined
employing high-temperature dust removal; the preferred embodiment is shown in
Figure Ca-6. In this system, the raw off-gas from the fluidized-bed gasifier
(producing the moderate methane content of Case IV) is treated for high
temperature dust removal, immediately after the cyclones that return most of
the gasifier dust for regasification. The gas is then expanded. At this
point, the gas temperature is high and the temperature drop across the turbine
is not so great that carbon deposition is to be expected. Because of the
higher temperature, the power recovered from this turbine is greater than in
earlier systems. The gas then passes through quench, heat recovery, cooling,
183
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and acid-gas removal before reheating through the single heat exchanger
train. The fuel cell incorporates the internal reforming concept.
Note that the turbine could also be employed after the initial quench.
In this case, the mass of gas that is passing through the turbine is
increased, but the inlet temperature is reduced. After analyr?is, the
placement of the turbine before quench appears to be a preferred embodiment of
the system.
The overall efficiency of this system calculates at 47.3%, near '.y
identical to the dust-tolerant shift catalysis considered in Case V. On the
overall systems basis, the concepts of high-temperature dust removal and dust-
tolerant shift reaction appear to be complementary — either system offers
approximately the same value with approximately the same degree of system
complexity. Both systems should be developed because each becomes a backup
system for the other, improving the probability of success in the overall
[	 research effort.
I
I
`i
Case VII — Sulfur-Tolerant Fuel Cell
The overall system for integration of coal gasification with molten
carbonate fuel cell power generation would have the maximum simplicity if the
fuel cell eould be modified to operate directly on the fuel gas after
quenching and cooling to the fuel cell operating temperature, without sulfur
treatment. Conceptually, this problem appears solvable — sulfur-tolerant
electrodes for this duty have been preliminarily identified and the
electrolyte composition issue appears capable of resolution, based upon
thermodynamic considerations.
The overall system (Figure Ca-7), employing a sulfur-tolerant fuel cell
rj	 stack, is quite simple — minimal heat exchange, no water-gas shift reactor,
and no condensation of water from the gas. The fluidized-bed gasifier with
Ll
	 the moderate methane make is employed, as is high-temperature dust removal and
the internal-reforming capability within the fuel cell. The relatively high
tI	
concentrations of carbon dioxide and water vapor in the fuel cell feed tend to
suppress the fuel cell voltage and hence its power output. However, the
overall system shows an excellent overall efficiency (49.3%), about 3.5 to 4G
r ^
percentage points better than the systems with low-temperature sulfuz removal.
t1
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One note of caution should be considered in the energy analysis of this
system: The debits and credits for S0 2 removal from the final stack were not
considered (similar to the assumptions in the other cases that a final sulfur
recovery from the acid-gas was not considered). Such stack desulfurization
processes are relatively energy-intensive and may modify the relative ranking
of this concept when analyzed in depth.
Final stack gas desulfurization, however, might not be required. Case IX
(below) presents an analysis of a system that includes high-temperature
desulfurization to the level required for current fuel cells. Such
desulfurization capability has now been proved at only the laboratory scale.
However, high-temperature desulfurization that is sufficient for environmental
considerations has now been tested on larger equipment. Should that process
be incorporated with a sulfur-tolerant fuel cell, the economic and system
advantages would still be impressive. Therefore, it is recommended that
efforts to develop sulfur-tolerant fuel cells should be undertaken.
Case VIII — High-Temperature Carbon Dioxide Transfer -
A system has been conceived for pressure swing absorption of carbon
dioxide from high-temperature, high-pressure gases. 	 The sorbent would be
regenerated by contacting with the compressed cathode air (which has a low "';
concentration of carbon dioxide prior to being merged with other streams).
l
Sorbents have been identified for this duty and the energy debits and creditsr
for the sorption and regeneration phenomena have been calculated.
	
The
sorption of carbon dioxide takes place as sho:#n in Figure Ca-8, following the
!
r water-gas shift reactor, where the partial pressure of carbon dioxide is the 1
highest.	 Approximately 50% to 60% of the carbon dioxide is removed from this f
r gas stream.	 The sorbent is regenerated by the cathode air; significant heat
^
exchange is required to heat this air and provide a thermal balance for the
r
system.	 Purge steam is passed through the sorbent bed on both sides of the
'
sorption and regeneration cycles to avoid mixing of oxidizing and reducing
species. ;,	 r
This approach permits transfer of sufficient carbon dioxide from the hot
fuel gas such that h{imidification of the feed to the fuel cell is not
11 required.	 Thus, the gas feeding the fuel cell has higher purity and the cell 1
exhibits excellent voltage.	 Similarily, the carbon dioxide is transferred
directly to the cathode where it is required for the chemical reactions.
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The system with CO2 transfer is compared to Case IVe, which also uses a
fluidized-bed gasifier of moderate .-ethane production and the internally-
reforming fuel cell. The impact of transferring the carbon dioxide is about
2.5 percentage points gain in system efficiency. As noted in the economics
discussion in the body of the report, however, this efficiency gain
approximately offsets the increased capital requirement for the processing
subsystem. Nevertheless, it is believed that the concept merits additional
study; the approach offers significant advantages in certain recycle systems
that ruin.? not be evaluated within the constraints of the present program.
Case IX - Hi gh-Temperature Desulfurization
Several concepts are under development at laboratories throughout the
country for removal of sulfur from raw fuel gases at elevated temperature.
The concept considered here is the mixed metal oxide system being developed at
the Institute of Gas Technology. This system has particular attraction
because the sorbent, when regenerated, produces elemental sulfur directly,
rather than a dilute gas containing S0 2 that must then be concentrated and
reduced. Three cases were considered in the evaluation of this process,
varying the technique employed for regeneration of the sorbent and recovery of
the sulfur values in the gas. In the system as shown in Figure Ca-9, the raw
gas first passed through high-temperature dust removal, quench, and waste heat
recovery to the operating temperature of the sorbent. The sorbent is
anticipated to purify the gas to the degree required for the molten carbonate
fuel cell. If the gas is not purified to this degree, however, sulfur guards
are under development that will operate at elevated temperature. Neverthe-
less, the gas was then cooled through turbo expansion and a recuperative heat
exchanger train to 750°F before zinc oxide treatment. After reheating, the
gas passed to the internally reforming fuel cell to consume the fuel values
that were produced in the methane-producing fluidized-bed gasifier.
II
.
As mentioned above, three systems were considered for regeneration of the
loaded sorbent. The systems were engineered sufficiently co feel confident of
the operability, and energy balances were developed. The system selected for
Table Ca-1 produced elemental sulfur directly with essentially no tail gas
stream. Note, therefore, that this system is not strictly comparable to the
earlier systems — the energy balance has included all the systems necessary
for sulfur removal_ recovery, and environmental control, in contrast to the
other systems analyzed.
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Although the gas feeding the fuel cell has high concentration of water
vapor and COP the overall system efficiency is high — about 50%. In the
economic analysis of the body of the report, tMs system shows a preferred
cost-of-electricity and the concept appears to warrant additional research
effort.
(i
Case R — Anode Tail Gas Recycle
Early in the program, it was recognized that 15% of the fuel values in
the raw gas were being exhausted to the steam cycle because the fuel cell
could not be driven to 100% conversion of the fuel. A system was conceived
for recycling the spent anode exhaust back through the condensation and acid
gas removal systems, permitting recovery of this fuel to the fuel cell. In
this case, the acid-gas removal was total — carbon dioxide was removed from
the gas as well as hydrogen sulfide. The carbon dioxide was removed
selectively and recompressed into the cathode to supply the necessary fuel
cell reactants. In this manner, the feed to the fuel cell could be dry and
nearly CO2-free, thus providing the maximum voltage from the fuel cell. Also,
all of the hydrogen value in the fuel is recovered electrochemically in the
fuel cell, except for a small purge stream taken to eliminate nitrogen from
the recirculating gas loop. This purge stream was burned into the cathode
exhaust to provide the maximum temperature for the expansion turbine.
Significant effort was expended in trying to develop an operable system
on the simulator. The primary problem was the excellent performance of the
fuel cell — insufficient heat was • dscharged from the fuel cell at nigh
temperatures to bootstrap the system to the fuel cell operating temperature.
Thus, extreme heat exchange was incornorated into the system to provide proper
energy management. Nevertheless, this system showed relatively poor effi-
ciency and was not included in the economic analysis. No illustration of this
system is provided; because the system could not be improved sufficiently to
merit economic analysis, an illustration was not developed. The overall
concept of recycle systems, however, deserves additional attention. Several
other recycle systems have been conceived that may offer greater merit than
the one attempted here.
4
i
i'	
S
_i
"t
D
{°.
\ §
\	 J
\	 }	 \^» ^
\ (	 \
} §
\	 ;
\ (	 ^	 \
\	 ^\ §
	 ^^ƒ
f@ §	 \\
APPENDIX a.
	\ [
	 |^Discussion of Sys me_ea	 ^
and Interrelated  James
-
^
(§
	
\[	 ^:
.	 ^
	
^	 m
	
,RECEDING PAGE BLANK NOT Fff-Mg	 /.
	
&	 All—r E AALa SWII
J93|& I N 5 T I T U T E 	 0F	 GA.	 T E C H N 0 L 0 G Y 	 .
DISCUSSION OF SYSTEM ELEMENTS
AND INTERRELATED EFFECTS
	
^.	 1 3
r
P
0.
G^
	
^^:^	 as
General
The work effort described in this document is an evaluation of
alternative means for production of electricity from coal using molten
carbonate fuel cells.
The overall system involves 1) gasification of the coal, 2) purification
of the fuel gas produced, 3) fuel cell conversion of the fuel gas to
electricity, and 4) various bottoming cycles to recover heat from the system
and convert that heat to power. Discussion of the major system elements are
presented below.
The approach used in this program is systems analysis. In this approach,
the operation of each element of the process is described mathematically and
the subprocess units are integrated by machine computation to define the
operating performance of the total system. With this approach, the individual
subelements are not optimized; rather, their operating regimes are varied so
that the overall system performs in a preferred mode.
This approach is contrasted to that which has been historically
followed. For example, a gasifier manufacturer might define his preferred
operating mode and the fuel cell developer might specify his preferred feed;
however, the required interfacing might be so complex that the overall system
	
Y1'	 is less desirable than alternatives. In the preferred case, compromises might
be taken in the gasifier and/or fuel cell operating conditions to minimize the
	
k	 complications of interfacing.
As is shown in Appendix Da, the system is extremely sensitive to assumed
changes in operating variables. Basically, because large quantities of energy
are being exchanged, transferred, or transformed in the various steps within
the overall system, slight changes in the efficiency of any subsystem can
s
severely impact the overall output efficiency that, marginally, becomes the
difference between two large numbers.
Therefore, to better understand the overall system and its interrelated
effects, one must not only comprehend the first principles involved in each
process element, but second-order effects are also important.
^.INTENTIONALLT. 6y	
PRT-ICEDTNCT SAGE Bl NZ NOM IMMEV
195
I. N S T I T U T E	 0 F	 G A S	 T E C H N O L O G Y
tI'
i
1
i
{
i
A
tq5j	 ;^•
+31	 tl.-r.
r;4
el Cell
fuel cell is a device that electrochemically converts the free energy
of a chemical oxidation-reduction reaction directly into electricity. As
such, it is similar to an electrical storage battery, except that reactants
are continuously supplied to the fuel cell and the reaction products are
removed from the system.
Because electricity is thermodynamically equivalent to work, the fuel
cell effectively produces work directly from the Chem cal process, without the
temperature limitations of a Carnot cycle.
The free energy of formation of water vapor in a fuel cell is about 79%
of the enthalpy of formation. Therefore, an ideal fuel cell can generate
79 kWh of power from 341,300 Btu of hydrogen fuel. An ideal heat engine
operating between 1200° and 95°F can only generate 69 kWh from the same amount
of fuel. Further, real heat engines are considerally less efficient than
their conceptually ideal models. Real heat engines, with all their associated
r7
parasitic auxiliaries, typically yield a net power output of 35% to 40% of
	
.,	
fuel input.
	
i-	 The fuel cell operates by physically separating the two halves of a
chemical redox reaction, forcing the necessary electron transfer to take an
external path and do useful work. The two locations for the half-reactions
are electrically interconnected by some intermtz^iate of the chemical reaction,
	
`	 usually an ion in an electrolyte, thus closing the eleu'±ical circuit.
The general chemical reaction employed in -iost fuel cells is the reaction
of hydrogen with oxygen to make water. In the simplest fuel cell, called the
low temperature, acid fuel cell, molecular hydrogen reacts at the anode to
produce hydrogen ions and electrons. At the cathode, the hydrogen ions react
with oxygen to make water, removing electrons from the external circuit:
H2 i 2H+ + 2e	 (Anode)
	
2H+ + 1/2 02 + 2e ^ H2O	 (Cathode)
	
H2 + 1/2 02 + H2O	 (Overall)
The two electrodes are separated by an acidic medium containing H + ions and
the necessary electron transfer takes an external path between the electrodes.
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The free energy of this reaction is approximately -55 kcal/g-mole (to produce
water vapor), resulting in a theoretical open circuit voltage of 1.185 V/cell
when conversion factors are included.
At higher temperatures (about 1200° to 1300°F) molten carbonate ion is
the electrolytic transfer medium:
H2 + CO3__ ^ H2O + CO2 + 2e	 (Anode)
1/2 o2 + CO2
 + 2e * CO3--
	(Cathode)	 1
	H 2
 + 1/2 02 a H2O	 (Overall)
l
At elevated temperature, the free energy of the reaction is reduced to about
47.3 kcal/g-mole or 1.027 V theoretical open circuit voltage. Note that
carbon dioxide must be transferred between the electrodes in order to maintain
the system. This is the fuel cell reaction that is the primary subject of the
current project.
The molten carbonate cell, as mentioned above, requires the recycle of
i
carbon dioxide around the system. Heat management at elevated temperatures is
	 =f
more complex (and is the primary subject of this document); yet, waste heat
from the system may be recovered to valuable use. 	 sv, {
Ll	 The fuel cell converts, at most, the free energy of the chemical reaction
:lectricity, The total enthalpy change of the hydrogen-oxygen reaction in
.i
he molten carbonate cell is 59.12 kcal/g-mole. If the fuel cell could
yperate without losses, about 79% of the heat of reaction could be withdrawn
as electricity (equivalent to the free energy of the reaction of 47.3 kcal/
g-mole). The remainder of the fuel heating value is released as heat. Note
that any cell losses, as reflected by a decrease in cell voltage, also result
in additional heat production.
I^	 The theoretical open circuit voltage of the molten carbonate fuel cell
^f
	1.027 Vjcell at 1200°F — is based upon free energy calculations and assumes
n	 that all reactants and products of the reaction occur at one atmosphere
IL3! partial pressure. In real cells, however, these gases are usually present at
different concentrations (or pressures) and this concentration changes as the
gas is consumed (or produced) in the cell. In the anode compartment, the
r	
proper partial pressure ratio factor to be used is (H 2 )/(H20) ' (CO 2). A
change in this ratio by a factor of 10 causes a change in the Nernst (or
Ls	
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concentration) potential of 91.5 mV at 1200°F. At the cathode, where no
reaction products are formed, the partial pressure factor is (CO2)(02)0.5
In both cases, reducing the factor causes a reduction in cell voltage and an
increase in the heat release.
In the fuel cell simulator used in this project, the log mean average 	 e'
concentrations (i.e., the log mean average of the concentration at the inlet
and at the outlet of the gas compartment) are used for calculating the
concentration polarization effects within the cell. This is a reasonable
approximation to the losses, depending upon the direction of gas flow within
the system. Concentration effects at the cathode were generally minimal in
this program; the reduced concentration of reacting species was counter-
balanced by the 10 atmosphere cell operating pressure. At the anode, however,
the Nernst polarizations were typically 70 to 75 mV at the 85% fuel
	
z•
utilization.	 i
Other losses exist within the fuel cell. 	 Notable among these are the so-
called electrode polarizations and internal resistance of the cell. 	 The
internal resistance of the cell is the resistivity to current flow through the
K
cell and the migration of the electrolyte ions. 	 The total losses here are
proportional to cell current. 	 The primary aspect of cell construction that
affects the resistivity is the thickness of the electrolyte used within the
cell.	 With the available fuel cell model, the internal resistance of the cell
caused a voltage loss of about 49 mV at 160 mA/cm2.
The electrode polarizations are a combination of factors. 	 The true site
for the electrochemical reaction is projected to be the area of those
^+electrolyte pores that are wall-wetted (but not filled) with electrolyte.
	
The
reactant gases must dissolve into the electrolyte (perhaps as governed by
:t
Henry's law) and diffuse to the electrode surface for reaction, with counter-
diffusion and volatilization of reaction products. 	 These effects are
P'
controlled by the partial pressures of the gases within the electrode pore and
ac
the current density of the cell.	 Some investigators claim very low power
losses for this effect; the fuel cell simulator used in this project reported
losses that were comparable in magnitude to the anode gas polarization.
In the project effort, the fuel cell was simulated at a power density of r
about 150 to 160 mA/¢m2 and 85% fuel utilization, factors that had been
previously selected as preferred from earlier investigations.
	
Optimization
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studies in this effort did net always agree with these previous studies;
rhowever, these parameters were held constant for comparability. The operating
pressure of 10 arm was selected because of the reasonable agreement of the
model to experimental data at that pressure.
The overall fuel cell potential, as estimated by the fuel cell simulator,
varied from 954 mV for a .fuel feed gas with low CO2 and water concentrations
to 815 mV for a system with relatively high contents of these species.
Currently, sulf_ r species are poisonous to molten carbonate fuel cells.
When sulfur is present in the fuel gas, the nickel electrode material is
deactivated, apparently by the formation of nickel sulfide. If sulfur is
present in the anode gas, not only is the anode polarized but, because the
anode exhaust gas is recycled after combustion into the cathode chamber, the
cathode is also polarized. Additionally, sulfate ions form in the
electrolyte, further degrading the overall cell performance. One of the major
functions of the overall work effort is to find acceptable means for removal
of sulfur from coal gas with minimum performance penalties.
For the total system, the maximum energy of the original fuel should be
recovered in the fuel cell, because of its relatively higher efficiency,
compared to the recovery of waste heat through Carnot-limited bottoming
cycles. Directionally, certain effects should be expected in the fuel cell,
r
based upon the fuel cell performance characteristics discussed above:
1.	 Higher-pressure operation is slightly preferred.
2. The fuel should be relatively dry and CO2-free.
3. The presence of CO in the fuel gas has a mixed effect because it impacts
(through the water-gas shift reaction discussed later) the relative
quantities of the terms in both the numerator and the denominator of the
Nernst effect ratio. Generally, it war found that lower CO
concentrations are preferred.
U	 4. If internal reforming of the methane present in the fuel can be
accomplished, the Nernst effect is doubly adjusted to higher voltage.
The above effects are based upon operation of the fuel cell alone. When the
fuel cell is integrated into the total system, counterbalancing effects may
occur and the optimal operation of the fuel cell may not result 1.1 an optimal
I"	 overall system..
f	
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The Coal Gasifier
The overall system of conversion of coal to electricity, using molten
carbonate fuel cells, requires a coal gasifier to convert the natural
reductant — coal — into the species that is normally consumed by the fuel
cell — hydrogen.
	 As will be shown later, this function should be expanded to
include the production of all gaseous species that may be readily converted
into hydrogen for use in the fuel cell.
The primary chemical reaction in a coal gasifier is the steam-carbon
reaction:
iP
C+H2O+H2+ CO
The above reaction is highly endothermic and occurs
	 at
	
	
reasonable rates	 at
temperatures greater than about 1700°F.
	 In most gasifier configurations, the ?
endothermic heat of the reaction is supplied by burning a portion of the feed
n
coal with air or oxygen:
C+02 +CO2
The combination of the two primary reactions in the gasifier — the
steam-carbon reaction and the carbon combustion reaction — yields an off-gas
that contains primarily hydrogen, carbon monoxide, carbon dioxide, and water
a
vapor.	 The water vapor is present because an excess of steam was used to
drive the gasification reaction towards completion.
	 The exact composition of
the gas will be a function of the relative quantities of steam and coal that
were used and the amount of oxygen required to sustain the reaction.
Similarily, the proportions of the relative constituents will be governed by
ilk 1
the chemical thermodynamics of the system at the operating temperature and
pressure.
T^
:G
i
Based on heat balance, if carbon were the only constituent gasified,
approximately 23% of the feed must be consumed with oxygen to supply the
endothermic heat of the remaining 77% of the carbon that reacts with steam to ^+
form hydrogen and carbon monoxide.
	 This carbon consumed by combustion is not
.:
a heat loss from the syster but, rather, supplies the additional heat that is
available in the fuel gases as heat of combustion.
Most gasifiers require more oxygen than the theoretical minimum Ii(
oxygen/carbon molar ratio of 0.23 T_^quired to support the steam-carbon
I
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	 reaction. The increased oxygen is required to raise the temperature of the
gasifier system to the level required for satisfactory kinetics. The
additional combustion of carbon results in sensible heat in the off-gases;
heat that can only be recovered to Carnot-limiting thermal cycles, rather than
as fuel hydrogen for the fuel cell.
The entrained-flow gasifier of this study employs an oxygen/carbon molar
fratio of about 0.47 at the operating temperature of 2450°F. Thus, only
slightly more than half of the feed carbon reports to the product gas as
hydrogen and carbon monoxide. The fluidized-bed gasifier, operating at
1875°F, requires an oxygen/carbon molar ratio of about 0.35, converting much
more of the coal into fuel gas species.
An alternative chemical reaction, termed hydrogasification, may also take
place in the gasifier. In this reaction, carbon reacts directly with hydrogen
' i	to form methane.
C + 2H2 i CH4
This reaction is exothermic. If it is promoted in the gasifier, it can help
supply the heat for the steam-carbon reaction and displace part of the need
for the carbon combustion reaction. In one conceptual gasifier evaluated in
this study, the hydrogasification reaction is enhanced and the oxygen demand
is markedly reduced, resulting in mire efficient conversion of the feed coal
into fuel gas species.
In the conventional molten carbonate fuel cell system, the methane
produced by the hydrogasification reaction is not an acceptable fuel. Rather,
the heating value of this material is only recovered to a thermal cycle.
However, as discussed in detail later, the fuel cell may be integrated with
steam-reforming of the methane to permit its utilization in the fuel cell for
a more efficient overall system.
Gasifiers that promote the hydrogasification reaction are inherently more
efficient because of reduced oxygen consumption (and burning of feed carbon to
CO2 ). Developmental gasifiers such as HYGAS ® , Exxon Catalytic, and Hydrane
require little or no oxygen for supplemental heat, because of the very high
U  h 11 d i hi t hmet ane production.. Alt oug conceptua y a vantageous n t s sys t em, t ese
gasifiers were not assessed in the program because they generally add system 	 I
complexity which, with the high leverage of plant capi-al on cost-of-
elec^rieity, would probably not be cost-effective at the plant scale used.	
1
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Note that it is possible to write the chemical reaction between carbon
i oxygen to produce carbon monoxide rather than carbon dioxide. With this
)roach, all of the carbon value in the coal appears as fuel gas species.
However, as will be shown later, any such gas produced is thermodynamically
unstable at lower temperatures, tending to deposit carbon from the gas
according to the Boudouard reaction:
2CO ^ C + CO2
This effect will be discussed in more detail in the next subsection.
Other Chemical Reactions
Carbon Deposition
Gas compositions that may be thermodynamically stable at elevated
temperatures may, upon cooling., become unstable and have high potential for
carbon deposition. The two primary reactions that are responsible for carbon
deposition from the coal-gas compositions considered are —
2CO i C + CO2
H2
 + CO + C + H2O
Note that both of these reactions are the reverse of gasification reactions
and are interconnected by the water/gas shift reaction (discussed later).
The thermodynamics of the above chemical reactions have been evaluated;
the stability of the gas mixture is a strong function of temperature,
presoi, a, and the allotropic form of the carbon that is deposited. Figure Cb-
1 is a representation of the carbon stability limits on the triangular C-H-O
diagram for the deposition of amorphous carbon at 1200°F at the operating
pressures encountered in this program. The raw off-gas compositions from
typical gasifiers encountered in this program are indicated, illustrating
instability of these gases at the operating conditions specified. In general,
the maximum instability will occur at a temperature of about: 1050° to 1200°F,
depending upon the precise gas composition. The carbon deposition reaction is
catalyzed, particularly by nickel (as found in stainless steel or fuel cell
electrodes), and is also self-catalytic: Once carbon has been formed from an
unstable gas mixture, the remaining unstable carbon falls out quickly.
e
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The usual technique to avoid carbon deposition is to add sufficient water
vapor to the gas so that the second of the carbon deposition reactions above
is driven to the left. Similarly, the first of the reactions does not occur
because of the interdependence of the water-gas shift reaction in converting
carbon monoxide to hydrogen. Figure Cb-2 illustrates the effect of steam
addition on carbon deposition ant further illustrates the impact of
temperature on carbon deposition.
Most of the systems encountered in the current study include a water
quench to add water vapor to the unstable gas and avoid the thermodynamic
potential for carbon fallout. The water may have been added directly after
the gasifier so that the gas, when cooled, would remain stable. Similarly,
steam is added to the intermediate gas (which has been dehydrated in the
course of sweetening) to avoid carbon deposition within the fuel cell.
When water is added to the hot gas after the gasifier, the system
efficiency is impaired because, somewhere in the system, heat is ad-..-d to
liquid water to convert it to steam and the latent heat of vaporization is
los_., Also, the steam absorbs some of the heat of the gasifier exhaust and
part of this sensible heat is lost to cooling water.
When steam is added to the fuel cell feed, a similar effect takes place
the latent heat of vaporization is lost from the system, as is a portion of
the sensible heat of the water vapor. Additionally, the water vapor present
in the fuel cell feed depresses the hydrogen concentration in the feed and
causes a Nernst concentration polarization.
Note, however, these effects are minimal if significant excess heat must
be removed from the system as steam power. As discussed later in "turbine
operations," the heat converted to steam power still loses the latent heat of
vaporization of the steam. The expansion of the water vapor (in the fuel gas)
through the various gas turbines in the system approximates the performance of
the steam turbine, although it does not exhaust the heat at as low a
temperature as the steam turbine. Generally, water vapor added to the fuel
gas is a second-order effect for efficiency loss, when compared to a steam
turbine, unless that water is condensed from the system under pressure and
except for Nernst effects within the fuel cell.
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,Water-Gas Shift Reaction
li
Most of the carbon monoxide produced by the gasifier is eventually T
converted to hydrogen for utilization within the fuel cell by the water-gas s
shift reaction:
CO + H2O + 92 + CO2 5
This reaction is mildly exothermic.	 It may take place within the fuel cell,
where the carbon monoxide is reacted with water vapor present in the feed or
generated by the fuel cell reaction. 	 If it takes place within the fuel cell, ,{
it alters both the numerator and the denominator of the concentration
polarization equation.	 Generally, carbon monoxide is not preferred in the
fuel cell feed because it dilutes the hydrogen.
If the water-gas shift reaction is included in the system prior to the
fuel cell, a separate catalytic reactor is employed. 	 To use available sulfur- *
tolerant water-gas shift catalysts, the gas must be heated to a light-off
-T
temperature of approximately 550° to 600°F. 	 The heat of the reaction is
recovered at approximately 600° to 800°F, if a separate reactor is employed,
j	 compared with the 1250 0 to 1300°F if the reaction takes place within the fuel
m
cell.	 If a separate water-gas shift reaction step is included in the overall
system, the water added for quenching the raw gas is partially converted to
hydrogen, minimizing the effects of heat loss in the initial quench. 	 The
additional hydrogen in the sweetened gas improves the fuel cell voltage and -	 -
reduces the need for steam in the fuel cell feed (as discussed above, a
second-order effect). 	 However, the higher hydrogen content of the feed gas
changes the relative quantities of water vapor and carbon dioxide in the fuel
cell exhaust and, hence, the final stack in the system. 	 Thus, higher hydrogen
content to the cell increases the quantity of latent heat that is lost to tha
stack.	 Overall, several counterbalancing effects occur and the impact of an .
tI
external water-gas shift reactor is not obvious.	 In general, the results of¢- I	 -
the project indicate that the inclusion of the water-gas shift reactor
I.'
improves the overall system performance, if the quench water is condensed in ry „:
I It 11 i	 ;."
the system. a ^,
c Y ' +
Carbonyl Sulfide Hydrolysis
The conversion of carbonyl sulfide to hydrogen sulfide by reaction with
water vapor does not have a direct effect upon the overall system efficiency. t3	 i
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However, the relative quantity of carbonyl sulfide in the raw gas has an
important bearing upon the performance of the acid-gas removal system and the
quantity of zinc oxide that is required for final gas purification. This
reaction system was therefore included in most systems to enhance the
practicality of the simulation and reduce the power and steam demands of the
acid-gas removal process. 	 N
Methane-Steam Reforming
Methane reacts with steam endothermically over nickel catalysts to
produce hydrogen and carbon monoxide:
CH4 + H2O + 3H2 + CO
Significant heat is absorbed when this reaction occurs. At lower pressures,
such as found in these system, the thermodynamics favor methane decomposition
at temperatures greater than aaout 1200°F.
Thermodynamically, the steam-reforming reaction is ideally suited to be
chemically and thermally integrated within anode compartment of the fuel
cell. The fuel cell anode reaction produces the steam required to drive the
reaction, and the cell provides the heat necessary to sustain the reaction.
Several laboratories have been evaluating this integration: Catalysts to be
incorporated within the anode chamber have been identified and tested. The
overall system appears technically feasible at any condition where the fuel
cell operating voltage is less than approximately 1.0 V, thus providing
sufficient heat (total AH) to sustain the reaction. Consequently, in this
effort, the reforming reaction was generally incorporated, chemically and
thermally, within the anode compartment of the fuel cell.
Several other techniques are available for incorporation of the steam-
reforming reaction within the system. The waste heat in the anode exhaust can
be used to reform that exhaust, down to an equilibrium temperature level.
Also, the reforming reaction can be incorporated thermally (but not
chemically) within the stack, using non-active sections of the stack. These
approaches were not employed in the current study because of the high promise
of the integrated inteenally reforming system.
L1
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immary of Chemistry
ie total chemistry of the overall system can be summarized according to
actions that occur. If the steam-carbon ruction is the only
nation mechanism, as encountered in entrained -flow gasifiers:
	
C+H2O+CO+H2
	 (gasification)
CO + H2O + H2 + CO2	 (water-gas shift)
2H2 + 2CO3-- + 2H2O + 2CO2 + 4e
	 (anode)
	
02
 + 2CO2 + 4e + 2CO3 -
	
(cathode)
C + 02
 + CO2	 (overall)
The overall reaction is the oxidation of carbon with oxygen to produce CO2-
Intermediates include hydrogen, which is the material oxidized in the fuel
cell. At perfect utilization, all the carbon monoxide is reacted by the
water-gas shift reaction. Carbon dioxide must be recycled from the anode to
the cathode and carbonate ion is an additional intermediate. Note that
exactly as much water is produced in the system as is required for the
chemical reaction. Note, however, that in the real systems considered, steam
is raised and water vapor is discharged to the stack (including significant
heat of vaporization). The techniques conceived for recycle of this vapor
within the system could not be included within the constraints of the program.
If the h dro asificationy	 g reaction can be promoted within the	 gasifier,
the reaction sequence changes to the following:
s,
C + 2H2 + CH4 (hydrogasfication)
..
CH4 + H2O + 3Y,2 + CO (steam-methane reforming)
I
CO + H2O + CO2 + H2 (water-gas shift)
2H2
 + 2CO3	+ 2H2O + 2CO2 + 4e ( anode)
02 + 2CO2 + 4e + 2CO3_- (cathode)
C + 02 + CO2 (overall) L
In this system, the sum of the first two reactions equals the first reaction
of the previous set.	 However, the heat demand of the second reaction is T
supplied by the fuel cell, rather than by burning oxygen within the gasifier..
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v The individual species of H 2O and H2 must either be recycled within the system
or else the species must be provided externally.	 For example, the H2 of the
If first reaction could be supplied by the first reaction of the earlier set of
equations presented, if both reactions occur simultaneously.
1 Power Recovery Turbines
Although, on first examination, gas turbines appear to provide a means
for recovery of pressure values of a gas into energy, they actually can be
considered to operate on temperature. The value of the pressure is merely to
define the temperature difference that can be recovered ::to power across the
turbine.
In general, the highest temperature feed to the turbine will result in
the highest total power output because of the Carnot laws of heat engines.
The steam turbine is generally limited to approximately 1000°F temperature on
the input because of materials problems. However, the gas turbine
concurrently operates at much higher temperatures. The combination of the gas
turbine and the steam turbine — known as a combined cycle — is capable of
much higher efficiency than the steam turbine alone because the heat
discharged from the gas turbine can be recovered into steam and hence into the
relatively low-temperature exhaust that corresponds to 2 to 4 inches of
m.=rcury absolute pressure in the condenser.
Consequently, on the overall system, it is preferred to operate the gas
turbine at the maximum inlet temperature possible. The outlet temperature
will be determined by the pressure ratio and the efficiency of the turbine.
Note that the enthalpy difference extracted from the gas is directly
translated into power, with only a small depreciation for mechanical
efficiency, because the turbine inefficiency appears as heat in the outlet
gas. Most of the heat in the outlet gas, eventually, is recovered into a
steam cycle.
The steam cycle is depreciated in efficiency by the latent heat of
vaporization of the water that must be converted into steam in the system.
This inefficiency will exist, whether the steam cycle is used directly or the
c
,	 steam is injected into the process gas for eventual recovery in the system.
Consider the case of the steam that is injected into the sweeten- gas,
upstream of the fuel cell. Under the assumptions of the system, this steam is
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raised at relatively high pressure and 1000°F. This steam is expanded across
a power recovery turbine and injected into the gas stream to inhibit carbon
deposition. In passing through the fuel cell, the mass of the steam is heated
to fuel cell operating temperature and, eventually, exhausts with the
pressurized cathode outlet gas. At this point, the mass of the water vapor is
further expanded to atmospheric pressure, recovering power from part of the
heat in the gas. Finally, the cathode gas, containing water vapor, is cooled
through heat exchange and perhaps economizers before exhausting to the
atmosphere. The final outlet temperature of the gas is 250 0
 to 500°F,
depending upon whether economizers are used or not. Relative to the same mass
of steam passing through the standard steam cycle, the heat content of the
anode gas injection steam has been recovered into power, or to reheat more
water, to nearly the degree that would have been realized had the steam
operated in a steam turbine alone. Thus, the injection of steam into the
anode gas does not cause a direct loss of the power equivalent of that steam;
rather, only a fraction of that power is lost because of the higher exhaust
gas temperature. In order words, the effect of injecting steam into the anode
feed gas is a second-order effect on efficiency as it impacts the overall
system.
Summary
In general, one can often evaluate the impacts of a change in the
gasifier/fuel cell system on first principles. For example, the use of a
methane-producing gasifier, in conjunction with an internally reforming fuel
cell, is a relatively straightforward application of first principles. The
gasifier operates more efficiently, converting a greater fraction of the feed
carbon into fuel gas species and consumes less parasitic power for the oxygen
plant. The fuel cell converts its waste heat into reforming methane and
maintains a higher concentration of hydrogen within the cell. Less heat is
withdrawn from the fuel cell to the steam cycle; rather, that heat is used
more effectively by producing hydrogen from methane
Ir. other systems, second-order effects occur and the solution is not so
straightforward. For example, the incorporation of a separate, external shift
reactor has several positive and negative effects. The summation of these
impacts becomer, minor in importance in affecting power outputs. Direction-
ally, a separate water-gas shift reactor is a preferred alternative,
Rt
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particularly if prudent design is followed, the raw gasifier off-gas is
quenched for carbon control, and that quench water is condensed from the
system.
Of particular interest was one case evaluated with a less conservative
gasifier design. Less steam was fed to the gasifier and the overall gasifier
performance was significantly improved. However, the altered gas composition
required more severe quenching and the overall system did not benefit. In
order words, optimization of the gasifier operating conditions did not
optimize the overall system. Similarly, cases that gave extreme purification
of the fuel cell feed, at a very high fuel cell voltage output, required
sufficient parasitic power demand that the overall system did not benefit.
In the more detailed discussions of the individual systems presented in
the body of the document and in Appendixes Ca and Da, the relative importance
of each element in the system becomes more apparent.
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APPENDIX Ce. Printouts of Gasifier Balance for
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APPENDIX Da. Analysis of Variations in Basic Assumptions
qANALYSIS OF VARIATIONS IN BASIC ASSUMPTIONS
General
During the course of the work effort, it became apparent that significant y
variations in the system efficiency could be achieved with relatively minor
adjustments in the operating3	 	  parameters. The systems analyst must use extreme
care to be certain that two systems to be compared are identical in all
 respects except the variable being altered, to avoid clouding the results by
the effects of unwanted changes. In fact, many of the cases presented in
Appendix Ca were reevaluated several times during the course of the program as
the analyst became more familiar with the overall system and sought to ensure
rrstrictly comparable results for analysis. For that matter, the results
presented in the body of the text, using essentially the same systems as
employed in Appendix Ca, show slightly different efficiencies because one last
iteration was used to ensure identical assumptions.
	
The above effect occurs because of the relative complexity of the system 	 4 j
and the number of elements employed. At each step of the 	 1p	 process, many	 t
}(
	 hundreds of millions of Btu's per hour are being transferred or converted.
`-	 The final efficiency is determined by summing the power productions and
consumptions in the overall system — the sums and differences of very large
numbers. However, a difference of only 25,000 to 50,000 Btu/hr, in recovered
power, might be considered a significant change in efficiency. Only a small
variation in certain of the operating parameters is sufficient to generate
such an effect. This change might be as simple as the change in the initial
assumptions on one of the subelements of the process.
The above effect raises concern about the comparability of results
prepared by different organizations, or even different analysts, unless the
bases for these results are clearly defined. For example, this analysis
showed a much lower efficiency for the primary base case. (using the entrained=
bed gasifier) than had been developed by earlier investigators. Similar
discrepancies with the literature were also noted for other cases.
	 s
Consequently, a subprogram was undertaken to illustrate the apparent
variation in overall system performance, employing essentially the same
system, depending upon the assumptions selected by the analyst for various
elements in the subsystem.
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This appendix is a discussion of the results of that subinvestigation.
able Da-1 presents the result of 21 variations on the same system, yielding
overall system efficiencies between 45.4% and 56.5%, depending upon the
initial assumptions employed. The data of Table Da-1 were generated in a
fashion consistent with the original efficiency analysis of Appendix Ca — a
constant quantity of coal was fed to the system and variation in nower output
were analyzed. Summary printouts for the primary cases of this analysis are
presented in Appendix Db.
The first analysis presented uses the same degree of conservatism that
was employed throughout the majority of the program; somewhat less restrictive
assumptions were then employed for each of the 20 other variations upon the
system. These assumptions, however, would not result in an inoperable system
— a quench is used on the raw gas in each case to avoid carbon deposition and
trains of crossflow heat exchangers are used for heat recovery, rather than
the countercurrent heat exchange reported in many other designs. Fuel gas
conversions was held constant at 85% in the fuel cell in each case. Also, the
current density and, after initial evaluation, the quantity of air supplied to
the cathode'were held constant. Thus, the modifications employed are
primarily variations in the assumptions of the operating conditions of the
various elements of the system.
Case A — The Base Case
The basic system for this analysis was the combli,,L;on of a methane.-
producing, fluidized-bed gasifier integrated with an internally reforming
molten carbonate fuel cell as illustrated in Figure Da-1. This is the case
labeled IV in Appendix Ca. This base case system had indicated significant
promise in the earlier evaluations and appears to be a near-term process
efficiency improvement that is currently undergoing evaluation in several fuel
cell laboratories. Because all of the systems employed in this analysis are
variations in the assumptions underlying this basic case, Figure Da-1 is
applicable for all of the cases reported in this appendix.
g
	
	 The major assumptions underlying this case have been outlined in the
general discussion of this document. Because many of these assumptions are
critical to understanding the overall impact of this evaluation of initial
^s
assumptions, they will be reviewed here.
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The gasifier operates in a fluidized-bed mode at approximately 500 psi
using a steam /carbon molar ratio of 1.0. Dust losses, carbon reporting to the
ash, and the need for fuel injection gas are considered in the design. The
gasifier is in thermal and mass balance and the off-gas is assumed to contain
13.5% of the feed carbon in the form of methane (6.1% methane in the raw, wet
gas), based upon extrapolation of current pilot plant operating data.
After initial dust recovery to regasification, the raw gas is quenched
with sufficient liquid water to render the gas thermodynamically stable for
carbon deposition, using a factor of safety in the water addition such that
the resulting gas composition is midway between that required for stability
when considering both amorphous and graphitic carbon. In other werds, the
minimum amount of water required for this system is that calculated for the
deposition of carbon in the amorphous form, which has a higher thermodynamic
activity than carbon in a graphitic form. This minimum water is required
because carbon is anticipated to condense in the amorphous form. However, the
factor of safety is employed by calculating the amount of water required for
deposition of graphitic carbon and selecting the average quantity of water.
The quench gas is cooled in a recuperative heat exchange train so that it
may be washed for final dust removal and then it is reheated in the same
train. Much of the water content is converted to hydrogen by reaction over a
water-gas shift catalyst with a temperature-of-approach to thermodynamic
equilibrium of approximately 50°F.
The heat of the exothermic shift reaction elevates the temperature of the
gas. Power is then recovered by expansion of the gas to a pressure level
consistent with the 150 psi fuel cell operating pressure (and intermediate
pressure drops within the system). After heat recovery, the gas is passed
through another shift reactor to take advantage of the improved shift
equilibrium at lower temperatures.
The gas is then cooled through a second recuperative heat exchange
train. Midway within the train is a reactor to drive the carbonyl sulfide
hydrolysis reaction toward completion at a preferred operating condition, thus
minimizing the amount of COS that must be removed from the system. After
final air- and water-cooling, the gas is scrubbed for selective sulfur removal
in a Selexol system. The acid-gas removed from the system is assumed to
contain 19% HZS; COS is distributed between the acid gas and the treated gas
according to data from several designs.
417
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The sweetened gas is reheated in the heat exchange train, finally passing
over zinc oxide to remove the last traces of sulfur. 	 Steam, after energy
recovery in an expansion turbine, is added to the system to eliminate the Me
potential for carbon deposition in the downstream fuel cell.	 Again, the
quantity of steam added is taken as midway between that required for amorphous
carbon deposition and graphitic carbon deposition.
The fuel	 Figure Da-1 incorporates	 heatcell system of	 significant
exchange to alleviate operating conditions in the recycle blowers and to
ensure operability of the catalytic combustor in the temperature range of
commercially available catalysts.	 In most systems, the fuel cell off-gas
temperature is 1260°F.	 The air supply to the fuel cell employs a conservative ;.
compressor design of three stages. 	 The final exhaust from the system is about
500°F to minimize plume formation from the very wet off-gas discharged from
tthe atmosphere.
	
Pressure drops throughout the system were identified in the ^• ,
body of this document, and the efficiency of recovery of waste heat to steam
and power is assumed to be 35.2%, as discussed elsewhere in this document.
The overall power produced from this system, using the base amount of coal,
a
was 706 MW for a system efficiency of 45 .4%. j
Case B — Modified Air Compressor 	
R"
ItThe first modification of the base case was to change the air compressor 	 ^^
from three stages to two stages. For this modification, it is assumed that
compressors are available with outboard bearings and seals that can withstand
the higher off-gas temperature encountered. 	 This approach minimizes the heat
lost to interstage cooling and results in more heat present in the compressed
cathode air.	 Note that not all of this gain was readily recoverable — the
balancing of the heat exchange system required that the system off-gas
temperature be increased to approximately 540°F. Nevertheless, the addition
of this modification increased thepower output of the system to 710 MW and '
the efficiency to 45.6%,.
Case C - Optimized Cathode Air Supply ^I
Five cases were run at varying quantities of air flow to the fuel cell,
to determine if significant improvement can be achieved.	 The initially Pa
e^	
^.^
assumed ai:: flow was near optimum; modification raised the system output to.
712 MW and a system efficiency of 45 . 8%.	 This case became Case IVe of the
418	
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initial analysis and Case 5 in the body of the report. The complete system
computer printout of this case is included in A:opendix Cd.
Case n — Add High-Temperature Heat Recovery
For this modification, high-temperature heat recovery was added. Heat is
available both before and after the quench that can be recovered to more
useful application that the initial assumption of converting it to steam or
steam.superheat. Heat exchangers were added on the raw gas stream, both
before and after the initial quench, to drive a greater quantity of heat into
^i	 the shifted off-gas, prior to the expansion turbine. Caution was exercised to
rr
	 ensure that the raw gas was not cooled into the carbon-depositing regime
1	 before quench water was added. For this modification, the availability of
111111 	
high-temperature heat recuperation equipment was assumed. Incoloy 800 or
Inconel 600 would probably be the preferred materials of construction. This
 modification increases the overall power output of the system to 728 MW and
r;	 the system efficiency increased to 46.8%.
Case E - Add Steam Expanders
fi	 This system modification included steam expanders for all the low-
I_' j
pressure steam used throughout the system. Prior examples had assumed that
the steam employed in the gasifier and the acid-gas removal, system was raised
[•'	 at the conditions necessary. For this case, it is assumed that all steam is
raised at 1500 psi and superheated to 1000°F. As is discussed elsewhere, the
accurate steam balance cannot be projected in this effort because the total
system of steam make and consumptio.i is not defined (sulfur recovery, tail gas
^I	 treatment, power water stripping, ammonia recovery, etc.). Therefore, the
steam system had been assumed to correspond to that required and the quantity
i	 of steam raised is assumed to correspond with the Btu's available.J
Again, for this case the steam quantity corresponds to Btu's available;
however, it is assumed that low-temperature heat is used for BFW heating,
moderate-temperature heat is used for vaporization, and high-temperature heat
[j	 is available for superheat. Thus all the steam is produced at high pressure
^f	and superheat. For this option, the quantity of steam make decreases, but tha
quality is higher. Delivered shaft horsepower increased significantly as
expanders were included between the steam header and the lower pressure steam
consumers. The total system power increased to 764 MW and the efficiency
climbed 49.1%.
ggg	 419
1 N 5 T I T U T E	 O F	 0 A S	 T E C H N 0 L 0 0 Y
[	 I
^t9
r!
j
Z	 A
i
J
I
er6
	
^	 {
420
I N S T I T U T E	 0 F	 G A S	 T E C H N O L O G Y I
^J
Y
Case F — Add Flue-Gas Economizer
Case F includes an economizer on the cathode exhaust tail gas. In prior
examples, the tail gas was exhausted to the atmosphere at temperatures of
about 500 °F to avoid the political problems of plumes from the wet exhaust.
Common power plant practice is to discharge the stack gas at about 320° to
350°F to avoid a stack plume (except with cold ambient air.) With the very
wet exhaust of this system, a higher stack-gas temperature of 500° had been
selected for the same reason.
For this option, it was assumed that such political objections would not	 ek
be present and that the exhaust could be cooled to 250°F. The heat is
recovered into the boiler feedwater preheat and, eventually, into the high-
pressure steam system. The improved heat recovery results in more power
recovered from the steam system, increasing the total system power to 798 MW
and the system efficiency to 51.32.
Case G — Minimum Quench
For this option, the quantity of water used to quench the gas is reduced
to the thermodynamic minimum. Thus, both the raw gas and the sweetened gas,
which are unstable for carbon deposition in certain temperature ranges, are
humidified only to the amorphous carbon limit. This effect improves the heat
recovery from the system and, also, slightly improves the fuel cell power
because the Nernst concentration polarization at the anode is reduced as the
steam fed to the anode is minimized. The total system power increased to
805 MW and the efficiency increased to 51.7%.
Case H,— Optimistic Gasifier Design
F9e design of the fluidized-bed gasifier was optimized to minimize the
factor of safety employed. The steam /carbon ratio was reduced to 0.75 and the
operating pressure was increased to 600 psi, the limit of currently available
lockhopper valves. Interestingly, the total system performance does not
change significantly, on an overall basis. The altered gas composition
required more quench water, thus negating the effect ^f the reduced gasifier
steam consumption. The gas quality was somewhat improved, resulting in higher
fuel cell output, but the total system power remained the essentially
unchanged at 803 MW with a system efficiency of 51.6%.
{
{
F'.
Sr
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ICase I — Quench With Steam
The form of water used in the quench system was changed from liquid water
(Case J) to steam for this modification. Liquid water had been used in the
earlier analyses to minimize the size of BFW treatment system. Although the
total moles of water (or water vapor) added are the same, the effect improves
system efficiency because high-temperature heat is not used to provide the
latent heat of water vaporization. Thus, the overall system improved to 822
MW and the system efficiF,.icy improved to 52.8%..
Case J — Remove More Carbon Dioxide
For this option, the acid gas was removed from the sour gas at lower H2S
concentration. This approach removes more CO2
 with the H2S and permits
reduced steam requirement for stabilization of the anode fuel. Operationally,
it would be assumed that a Stretford process or the Ralph N. Parsons
"Selectox" system would be used for sulfur recovery. Two cases were analyzed
in this approach. The overall power from the facility declined because of
greater cathode concentration polarization. Therefore, this option was not
considered further. It should be noted, however, that system nerformance may
well increase if the purified CO2 , exiting from the Stretford process, were to
be recompressed into the cathode feed.
Case K --Burn a Portion of Anode Exhaust Into Cathode Exhaust
For this modification, the system of Case I was employed, but a portion
of the anode exhaust was combusted directly into the cathode exhaust, rather
than all of the anode exhaust being combusted into the cathode feed. This
modification was made because it had been noted that the power recovered from_
the cathode exhaust turbine was very sensitive to the operating temperature;
ii slightly increasing the temperature by combustion was attempted to improve the
!T^
overall system power. However, the increased Nernst concentration voltage
loss at the cathode, due to bypassing part of the carbon dioxide, caused a
slight reduction in the system performance. Therefore, this system was not
considered further.
Case L — Reduced Pressure Drops
For this modification, the basic system was the same as Case I but it was
assumed that the pressure drop across each element of the system could be
decreased by a fact6r of two. As was discussed in the body of this report,
^F
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the pressure drops assumed for the various elements in the system are
relatively low, compared with normal chemical process industry practice.
However, several designs appearing in the literature have assumed con-
structional characteristics that would further decrease the pressure drops
significantly. Therefore, this case was developed to indicate the effect of
lower pressure drop. The reduced pressure losses in the system permitted much
greater shaft horsepower recovery, providing 841 MW from the base coal fed to
the system and a system efficiency of 54.0%,.
Case M — Higher-Temperature Cathode.Exhaust
As was discussed under Case K, higher temperatures in the cathode exhaust
system are desirable. For this modification, the flow of the cathode recycle
cooling gas around the fuel cell was controlled to result in a fuel cell off-
gas temperature of 1300°F — a value assumed to be operable without excessive
electrolyte loss. The increase in the ruel cell exhaust gas temperature of
only 40°F improved the total system performance co 848 MW, with a total system
efficiency of 54.5%.
Case N
.,
— Higher Steam System Efficiency
For this option, the efficiency of recovery of heat from waste steam into
power is assumed to increase to 40%. All earlier analyses had used an
efficiency of 35.2%, a value that includes penalties for boiler feedwater
treatment and the cooling water systems. However, modern power plants operate
near this efficiency and include penalties for S02 scrubbing (not required
here). Thus, an improvement of efficiency to 40% would be considered
reasonable. For this presentation., the modification was estimated, rather
than calculated on the system simulator. Such simulations had been made
earlier in the program and the impact is the same as is estimated here. The
total system power increased to 854 MW and the efficiency climbed to 54.9%.
Case 0 --- Correct Fuel Cell Voltage
As is discussed elsewhere in this document, the modified fuel cell
simulator subpacket reported a fuel cell voltage that was somewhat lower than
the current experimental performance. Consequently, the cell potential was
increased by 55 mV with a corresponding reduction in the waste heat from the
system. This change resulted in a total system performance improvement to 879
MW with a system efficiency of 56.5%. Again, the process simulator was not
422
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1>	 used for this comparison beeat-lea of the time required for simulator
modification; rather, hand calculation was employed and the results are
reported as estimated.
Summary
The analysis above indicates that a wide variation in the reported
efficiency of the ;;asifier/fuel cell system can be obtained, depending upon
the assumptions employed by the system analyst in setting the design
conditions for each element within the system. it is therefore suggested that
comparisons of systems derived by different analysts be evaluated carefully,
because even minor variations in basic assumptions may cause an apparent
system efficiency change of over 1 percentage point. Any such comparative
analysis must be made with care to be certain that differences in apparent
system performance are real.
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optimize Air Flow Rate
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CASE I
As Case G, but
Change Quench System From
Liquid Water to Steam
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